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SOLID  PROPELLANTS 

PART  ONE 


By  A.  M.  Boll 


CONSISTING  OP 
CHAPTIRS  1-10 


’RE  FACE 


This  handbook  has  been  prepared  as  one  of  a  series  on  Explosives. 
It  is  part  of  a  group  of  handbooks  covering  the  engineering  principles 
and  fundamental  data  needed  in  the  development  of  Army  materiel, 
which  (as  a  group)  constitutes  the  Engineering  Design  Handbook  Series 
of  the  Army  Materiel  Command. 

\  "V't'-C  / 

This  handbook  presents  information  on  the  design,  functioning  and 
manufacture  of  solid  propellants  for  use  in  propelling  charges  for  guns 
and  rockets .  - 

\ 

The  text  and  illustrations  for  this  handbook  were  prepared  by 
Hercules  Powder  Company  under  subcontract  to  the  Engineering  Hand¬ 
book  Office  of  Duke  University,  prime  contractor  to  the  Army  Research 
Office-Durham  for  the  Engineering  Design  Handbook  Series. 

Agencies  of  the  Department  of  Defense,  having  need  for  Handbooks, 
may  submit  requisitions  or  official  requests  directly  to  Publications 
and  Reproduction  Agency,  Letterkenny  Army  Depot,  Chamber sburg, 
Pennsylvania  17201.  Contractors  should  submit  such  requisitions  or 
requests  to  their  contracting  officers. 

Comments  and  suggestions  on  this  handbook  are  welcome  and 
should  be  addressed  to  Army  Research  Office-Durham,  Box  CM,  Duke 
Station,  Durham,  North  Carolina  27706. 
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INTROD 


1.  PayoH.  This  Handbook  is  intended  to  pro¬ 
vide  a  general  description  of  solid  propeiiants 
used  in  small  arms,  artillery,  rockets,  and  some 
other  devices.  It  is  assumed  that  the  leader  baa  as 
background  the  equivalent  of  as  undergraduate 
degree  in  engineering  or  physical  science,  but  no 
previous  experience  in  propellants  or  ballistics. 


2.  IMaftfeaw.  A  solid  propellant  is  a  chemical 
or  a  mixture  of  chemicals  which  when  ignited 
burns  in  the  substantial  absence  of  atmospheric 
oxygen  at  a  controlled  rate  and  evolves  gas  capable 
of  performing  work.  In  order  to  discuss  certain 
phenomena,  notably  burning  and  detonation  proc¬ 
esses,  it  is  necessary  to  define  certain  terms  that 
are  used  with  meanings  differing  significantly  from 
those  given  in  MIL-STD-444.1*  The  more  im¬ 
portant  of  these  are: 

A  (solid)  monopropeilant  is  a  single  physical 
phase  comprising  both  oxidizing  and  fuel  ele¬ 
ments.  This  is  analogous  to  common  usage  in 
the  liquid  propellant  field  describing  a  single- 
phase  liquid  propellant. 

A  filler  it  a  discrete  material  dispersed  in 
substantial  quantity  in  the  continuous  or  binder 
phase  o f  a  composite  propellant 

Deflagration  is  a  bunting  process  in  a  solid 
system,  comprising  both  oxidant  and  fuel,  in 
which  Ok  reaction  front  advances  at  less  than 
sonic  velocity  and  gaseous  products  if  produced 
move  sway  bom  unreacted  material.  Whether 
or  not  explosion  occurs  as  a  result  of  deflagra¬ 
tion  depends  on 

None  at  these  definitions  is  used  for  the  first 
time  in  this  Handbook.  Other  definitions  are  intro¬ 
duced  in  the  text  at  appropriate  places.  Unless 
otherwise  noted,  definitions  are  is  accord  with 


*Nnmben  refer  to  items 
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MIL-STD-444,  Merriam-Webster's  unabridged 
dictionary,  or  common  usage. 

3.  Plan.  In  Chapter  2  is  described  how  the 
figures  of  merit — specific  force  for  gun  propel¬ 
lants  and  specific  iapulse  or  characteristic  velocity 
for  rocket  propellants — are  derived  from  thermo- 
chemical  data  and  empirically  verified.  Also  in 
Chapter  2  is  discussed  the  mechanism  of  burning 
of  propellants  and  the  scheduling  of  gas  evolution 
to  meet  the  requirements  of  various  engines  in 
which  propellant*  are  used,  such  as  guns,  cata¬ 
pults,  rockets,  and  gas  generators.  A  few  simple 
numerical  examples  are  given  by  way  of  illustra¬ 
tion,  but  detailed  discussion  of  the  ballistics  of 
such  engines  is  omitted  as  being  beyond  the  scope 
of  this  work  and  available  elsewhere.  In  Chapter  3 
appears  a  discussion  of  certain  physical  properties 
of  propellants  as  related  to  system  requirements. 
In  Chapters  4-9  conventional  propellants  are  dis¬ 
cussed,  arranged  according  to  their  physical  struc¬ 
ture.  Black  powder  is  presented  in  Chapter  4. 
Crystalline  monopropeilant*  appear  in  Chapter 
5.  Plastic  monopropeilant*,  commonly  known  as 
single-base  and  double-bare  propellants,  appear  in 
Chapter  6.  These  common  terms  can  be  somewhat 
confusing,  since  the  class  contains  propellants 
comprising,  for  example,  cellulose  acetate  and 
nitroglycerin  winch  are  difficult  to  assign  to  either 
single-  or  double-base.  Composites  comprising 
mcaopropellast  binder  and  monopropeilant  filler, 
commonly  known  as  triple-bare,  appear  in  Chap¬ 
ter  7.  Again  the  common  term  can  be  confusing, 
as  when  a  nitroguanidlne  propellant  with  a  single- 
base  (nitrocellulose)  binder  is  to  be  described. 
Manufacturing  processes  for  the  propellants  of 
Chapters  6  and  7  are  given  in  Chapter  8.  Fuel 
binder  composites  are  discussed  in  Chapter  9.  A 
discussion  of  inert  simulants,  or  dummies,  for  pro¬ 
pellants  is  given  in  Chapter  10.  Higher  energy 


systems  are  discussed  in  ORDP  20-176,  Solid  Pro¬ 
pellants,  Part  Two  (C). 

literature  consulted  in  the  preparation  of  this 
Handbook  includes  publications  early  in  1960. 
The  reader  is  referred  to  SP1A/M2,’  in  which  will 
be  found  data  sheets  for  all  of  the  propellants 
developed  and  used  within  the  Department  of  De¬ 
fense  including  those  that  will  appear  subsequent 
to  the  publication  of  this  Handbook. 


1.  MIL-CTD-444,  Military  Standard,  Nomtnelatur t  and 
Definition*  In  the  Ammunition  Area,  Department  of 
Defense,  6  February  1959, 

2.  SPIA/M2,  Propellant  Manual,  Solid  Propellant  In¬ 
formation  Agency,  Johns  Hopkins  University,  CON¬ 
FIDENTIAL. 
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CHAFTM  2 

EVOLUTION  OF  GASES  BY  PROPELLANTS 


4.  GcaaraL  The  devices  in  which  propellants 
are  commonly  used,  be  they  devices,  such  as  guns 
that  comprise  moving  pistons,  or  vented  vessels 
acquiring  momentum  by  discharge  of  gas,  .are  de¬ 
vices  that  convert  heat  energy  into  mechanical 
energy.  They  thus  fall  into  the  general  classifica¬ 
tion  of  beat  engines.  The  propellant  gas  is  then 
the  working  fluid  that  actuates  heat  engines.  In 
solid  propellant  heat  engines  the  working  fluid  is 
generated  in  situ  by  binning  the  propellant  within 
the  engine.  The  general  problem  in  fitting  a  solid 
propellant  to  a  heat  engine  is  the  generation  of  gas 
of  specified  properties  at  a  specified  rate  which  is 
a  function  of  time.  The  specifications  of  gas  prop¬ 
erties  and  rate  of  generation  are  not  usually  inde¬ 
pendent  of  each  other.  Thus  a  given  problem  may 
be  solved  by  using  gas  with  one  set  of  properties 
at  one  rate  schedule  or,  alternately,  by  using  a  dif¬ 
ferent  set  of  gas  properties  on  a  correspondingly 
different  rate  schedule.  The  properties  of  the  gas 
are  determined  by  the  composition  of  the  propel¬ 
lant  The  derivation  of  the  gas  properties  from  the 
composition  is  known  as  thermochemistry  of  pro¬ 
pellants.  The  rale  of  gas  generation  is  determined 
fay  the  linear  rate  of  burning  and  charge  geom¬ 
etry.  Of  these,  the  linear  burning  rate  as  a  func¬ 
tion  of  pressure  is  a  propellant  property.  System 
pressure  and  charge  geometry  are  controlled  at 
least  in  part  by  the  end-item  specification.  The 
overall  problem  of  selecting  a  propellant  formula¬ 
tion  and  geometry  to  meet  a  given  end-item  per¬ 
formance  specification  is  an  exercise  in  interior 
ballistics.  Because  the  propellant  developer  owes 
die  baliistidan  both  thcrmochcmical  data  and  rate 
versus  pressure  data,  he  should  have  a  qualitative 
knowledge  of  interior  ballistics  in  order  to  perform 
his  function  intelligently. 

5.  Equation  of  state.  The  classical  equation  of 
state  used  by  bailisticians  is  known  as  the  Noble- 
Abel  equation.  For  unit  mass  of  propellant  it  is 
usually  written 

Piy  —  «)  =  RT 

where  if  is  the  gas  constant  per  unit  mass  of  pro¬ 
pellant,  or  more  generally 

P(V  -  aW)  =  (1) 


where  Re  is  the  universal  gas  constant  The  term 
a  is  known  as  the  covolume  and  may  be  thought 
of  as  the  space  occupied  by  the  gas  when  com¬ 
pressed  to  the  limit.  It  has  the  empirical  value  of 
about  1  cc  per  gram  for  most  propellants.1  The 
significance  of  the  covolume  correction  may  be 
shown  by  some  simple  numerical  examples.  Under 
standard  conditions  of  temperature  and  pressure 
(273°K,  1  atm),  1  gram  of  gas  of  molecular  weight 
22.4  occupies  1000  cc.  A  temperature  of  2730°K 
and  a  pressure  of  68  atm  (1000  pti)  are  conditions 
typical  of  rocket  ballistics.  Under  these  circum¬ 
stances 


V  -a  -  1000  X 


2730  „  1 


273 


*68  =  147cc 


For  1  percent  accuracy,  V  —  a  does  not  differ 
significantly  from  V.  It  is  customary,  therefore,  in 
rocket  ballistics  to  ignore  the  covolume  correction 
and  use  the  perfect  gas  equation 


ri,  WR.T 

~  M 


(1») 


as  the  equation  of  state.  On  the  other  hand, 
whereas  we  encounter  similar  temperatures  in  gun 
ballistics,  the  pressures  are  higher.  Taking  3000 
atm  (44000  pti)  as  typical,  for  1  gram  of  gas 

2730  1 

K_a=  1000x^x^  =  3.3cc 

Under  these  conditions,  V  —  a  differs  significantly 
from  V,  and  the  covolume  correction  must  be 
made.  For  precise  calculations,  other  equations  of 
state  of  greater  precision  than  Equation  1  are  used. 
These  equations  are  more  complex  and  contain 
constants  the  physical  significance  of  which  is  more 
difficult  to  understand.  In  such  calculations  the 
departure  from  the  perfect  gas  law  is  still  called 
the  covolume  correction.  The  covolume  if  evalu¬ 
ated  is  no  longer  a  constant  but  is  a  variable  with 
a  value  stiO  in  the  neighborhood  of  Noble- Abel's  a. 

6*  Ballistic  parameters.  Different  systems''’  of 
interior  ballistics  have  been  developed  by  gun  bal- 
listidans  on  the  one  hand  and  by  rocket  ballis- 
ticians  on  the  other.  Both  types  of  system  depend 
on  the  same  primary  tbermocbemical  properties 
of  propellant  gases,  but  use  different  parameters  as 


working  tools.  Thus,  <u  a  measure  of  the  ability 
of  the  combustion  products  of  propellants  to  per¬ 
form  in  their  respective  heat  engines,  gun  ballis¬ 
tic!  sns  use  the  parameter  specific  force  (often 
abbreviated  to  force),  or  impetus,  F.  Rocket  bal- 
Mstteians  use  far  the  same  purpose  characteristic 
velocity,  c*,  or  specific  impulse,  /„.  Auxiliary 
power  unit  engineers  sometimes  use  gas  horse¬ 
power,  Ghp. 

M.  Specific  force.  Specific  force,  F,  is  a  meas¬ 
ure  of  the  ability  of  the  propellant  gas  to  perform 
work.  It  is  defined  by  die  equation 


ad  is  expressed  in  terms  of  foot-pounds  per 

pound, 

U.  Chanetsririic  vefetMj.  Characteristic  ve¬ 
locity,  c*,  is  not  a  significant  physical  quantity. 

It  is  defined  as  *>*^1*,  where  P,  is  dumber  pres¬ 
sure,  A,  is  nozzle  throat  area,  and  IF  is  burning 
rate  in  pounds  per  second.  Mathematical  analysis* 
shows  that  it  can  be  computed*  bom  the  thermo¬ 
dynamic  properties  of  the  gas  as 


TABLE  1.  REDUCED  CHARACTERISTIC 
VELOCITY 


1.15 

1.566 

1.20 

1.542 

1.25 

1.520 

1.30 

1.499 

1.35 

1.479 

1.40 

1.461 

characteristic  velocity  with  changing  y  points  out 
that  the  characteristic  velocity  is  a  stronger  func¬ 
tion  of  ^  than  of  7. 

t-4.  Specific  fcapdii.  Specific  impulse,  is 
defined  as  the  impulse  (force  x  time)  delivered 
by  bunting  a  unit  weight  of  propellant  in  a  rocket 
chamber.  From  racket  baUstic  theory1*  can  be 
derived  the  equation 

<4> 

Note  that  this  parameter  becomes  a  thermo¬ 
dynamic  function  of  the  propellant  only  when  the 


Rafiewfi  thwtiiilsfc  vilneliy.  Equation 
3  may  be  rewritten 

c* 

The  quantity  may  be  called  the  re¬ 

duced  characteristic  velocity;  it  is  dimensionless 
and  is  a  function  only  of  the  specific  heat  ratio,  7. 
In  Table  1  are  shown  the  values  of  the  reduced 
characteristic  velocity  for  different  values  of  7. 
The  characteristic  velocity  is  obtained  by  nmltiply- 

ing  the  reduced  characteristic  velocity  by^^>. 
The  comparatively  small  change  of  the  reduced 


*  Computed  thermodynamic  trainee  are  denoted  by  sub¬ 
script  or  superscript  o,  to  difisesatiate  from  values  de- 
fiwlirs  oe  direct  mwenremantt,  Saa  aleo  Pansrapfc  t-3. 


ratio  ~  is  qredfied.  The  current  United  States 
*  ( 

convention  is  to  consider  P,  as  one  atmosphere 
(14.7  pri)  and  P,  as  1000  pti  unleu  otherwise 
ptcilltd.  Implied  in  this  formula  is  the  assump¬ 
tion  of  zero  half-angle  of  nozzle  expansion.  See 
also  Paragraph  8-4. 

6-5.  Reduced  sptrlfic  iapabs.  Equation  4  may 
be  rewritten 


specific  impulse;  it  is  dimensionless,  and  depends 


p 

only  on  the  pressure  ratio,  t  A  the  specific 

* t 

heat  ratio,  7.  A  plot  of  the  reduced  t,  rifle  ins- 
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poise  m  a  function  of  pressure  ratio  for  various 
y’s  is  shown  in  Figure  1.  The  use  of  this  chart  in 
caknlating  specific  impulse  is  illustrated  in  die 
numerical  example.  Paragraph  7-7. 

6-C.  Votaaae  specific  hydhr.  The  product  of 
specific  impulse  and  density,  expressed  in  unit* 
of  pound-seconds  per  cubic  inch,  is  known  as  the 
volume  specific  impulse.  If  a  proposed  rocket 
motor  has  a  fixed  propellant  envelope,  it  will  gen¬ 
erate  impulse  roughly  in  proportion  to  its  volume 
specific  impulse.  Thus  a  propellant  with  lower  spe¬ 
cific  impulse  but  higher  density  may  sometimes 
outperform  one  with  higher  specific  impulse  and 
lower  density.  If  the  proposed  rocket  motor  re¬ 
quires  a  given  total  impulse  but  has  no  envelope 
requirement,  the  volume  of  the  propellant,  and 
hence  the  size  and  weight  of  the  (inert)  cham¬ 
ber,  will  be  lower  the  higher  the  volume  specific 
impulse. 

9-7.  Gas  heresy  ower.  Gas  horsepower  is  de¬ 
fined  as 

4f[  >-(&)“]  ® 


Here  again  is  a  parameter  that  does  not  become 
a  thermodynamic  function  of  the  propellant  unless 

p 

the  ratio  •=*•  is  specified.  There  appears  to  be  no 

rt 

p. 

United  States  convention  with  respect  to  -=*.  Gas 

horsepower  is  therefore  not  purely  a  propellant 
property. 

7.  IfeenaochreaMiy.  Thermochemical  data  re¬ 
quired  for  the  determination  of  the  abov'-  param¬ 
eters  are  the  burning  temperatures  u;  constant 
volume  and  at  constant  pressure,  Tv  and  T„  re¬ 
spectively,  specific  gas  volume,  jj,  and,  ratio  of 

specific  heats,  y.  The  burning  temperatures  and 
composition  of  the  product  gas  are  also  impor¬ 
tant  from  the  standpoint  of  compatibility  with  the 
surroundings.  In  propellants  the  surroundings  in¬ 
clude  the  inert  parts  of  the  heat  engine  which  must 
remain  intact  through  the  cycle  or  even  have  a 
service  life  of  many  cycles. 

7-1.  Specific  gas  volume.  Specific  gas  volume, 
jj,  is  the  number  of  weight  moles  of  gas  pro¬ 
duced  in  the  burning  of  a  unit  weight  of  propel- 
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lant.  In  till  cases  where  only  gaseous  products 
result,  M  is  the  avenge  molecular  weight  of  the 
product  gas.  The  gas  volume  is  determined  from 
the  conservation  equations  for  the  elements 


SC  =  [COj]  +  [CO]  (6a) 

SH  =  2[H,]  +  2[H,0]  +  [HQ]  (6b) 

SN  =  2[N*]  (6c) 

SQ  =  [HO]  (6d) 

SO  =  [CO]  +  2[COj]  +  SH*Q  (6e) 


cco,]  +  [coj  +  [Hjj  +  ra»o]  + 

[N,]  +  [HQ]  =  Jj  (7) 

jj  =  SC  +  WSN  +  ViSH  +  WSQ  (8) 

In  these  equations,  sC,  e.g.,  is  the  total  number 
at  weight  atoms  of  carbon  in  a  unit  weight  of  pro¬ 
pellant  and  [COa]  is  the  number  of  weight  moles 
at  COj  in  the  gas  from  the  unit  weight  of  pro¬ 
pellant  If  Xi  is  the  weight  fraction  at  ingredient  / 
in  the  propellant  composition  and  C,  the  number 
of  weight  atoms  of  carbon  in  unit  weight  of  I,  then 

SC  =  2(*Q  (9) 

SH,  SN,  and  SO  are  derived  in  the  same  way. 

7-2.  Flame  temper  at  wre  at  constant  volume. 

The  flame  temperature  at  constant  volume  is  de¬ 
termined  by  solving  the  equation 


where  yj  is  the  mole  (volume)  fraction  of  a  prod¬ 
uct  gas  constituent  /,  e.g.,  C02>  in  the  gases 
formed  from  the  propellant  and  CVJ  is  the  molar 
heat  capacity  of  the  same  gas  constituent  The 
heat  of  explosion  or  calorific  value  of  the  propel¬ 
lant  Q>  usually  expressed  in  calories  per  gram,  is 
the  difference  at  reference  temperature,  T„  be¬ 
tween  the  heat  of  formation  of  the  products  and 
the.  heat  of  formation  of  the  propellant 

-Q  —  iiEmtvM  ~  Afipnprtiut  (1 1) 

Assuming  no  heat  effect  of  mixing 

AEpnrr tint  =  S(x*AE|)  (12a) 

where  oEt  is  the  heat  of  formation  of  ingredient  / 
per  gram. 

AW>  =  (12b) 


where  AEy  is  the  heat  of  formation  at  product  / 
per  mole. 

The  quantities  yt  are  derived  from  Equations 
6a-6c  and  various  gas  equilibrium  equations,  of 
which  the  most  important  is  the  water  gas  equi¬ 
librium 


[00][HaQ] 

tCOa][Ha] 


=  K.T 


(13) 


In  actual  systems  there  may  be  found  small 
quantities  of  constituents  other  than  those  dis¬ 
cussed  above,  such  as  CH4,  NHa,  NO,  OH,  H, 
O,  and  N,  as  well  as  products  of  other  atomic 
species  if  present  in  the  propellant  For  each  such 
constituent  there  is  available  an  equilibrium  con¬ 
stant  K,(T)  similar  to  K»(T)  (Equation  13)  and 
an  estimate  of  its  molar  heat  capacity. 

'  The  constants  JC<(T)  and  the  various  C/s  and 
AfTs  have  been  quite  precisely  evaluated  as  func¬ 
tions  of  temperature,  TV* 

7-3.  name  ieniperatare  at  constant  pressure. 
The  calculation  of  T,  is  similar  to  that  of  7V, 
except  that  instead  of  Equation  10  we  must  use 
the  following 


where  C,t  is  the  beat  capacity  at  constant  pres¬ 
sure  of  gas  constituent  /, 

Since  burning  is  now  at  constant  pressure,  en¬ 
thalpy  instead  of  heat  of  formation  must  be  used. 

~Q  =  AKpnhit,  -  Affmumm  (15) 

AHprwUMt  =  (16a) 

Attn*.*. «  z(y£Hi)  (16b) 

7-4.  Ratio  of  spedfle  heats.  The  value  of  y  for 
a  propellant  is  the  weighted  average  of  the  y's  of 
tlx  fu  constituents 
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(17) 


The  values  of  y  used  are  not  the  ratios  of  heat 
capacities  at  room  temperature,  but  the  ratios  at 
operating  temperatures  of  the  heat  engines  con¬ 
cerned. 
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7-5.  Exact  calculation  of  flame  temperature  and 
product  composition.  The  calculation  of  the  flame 
temperature  and  product  gas  composition  is  done 
by  trial,  starting  usually  with  an  assumed  tempera¬ 
ture.  This  is  an  iterative  process  and  is  profitably 
done  with  a  machine  calculator,  particularly  when 
gas  equilibria  other  than  the  water  gas  equilibrium 
must  be  considered.  Programs11'14  have  been 
worked  out  for  such  calculations,  assuming  essen¬ 
tially  only  adiabatic  conditions  and  chemical  and 
thermodynamic  equilibria,  to  give  results  of  accu¬ 
racy  limited  only  by  the  thermodynamic  data  of 
the  individual  species  considered.  These  programs 
also  are  used  for  calculated  specific  impulse  on  the 
basis  of  either  frozen  composition  flow  or  equilib¬ 
rium  flow  through  the  nozzle.  A  JANAF  Thermo- 
chemical  Panel  exists  for  the  coordination  of 
thermochemical  data  and  calculating  procedures. 

The  exact  calculation,  even  with  a  sophisticated 
machine  calculator,  is  time  consuming.  Conse¬ 
quently  nearly  every  propellant  development  facil¬ 
ity  has  for  internal  use  a  short-cut  calculation 
yielding  approximate  results  useful  for  screening 
and  program  guidance.  Many  of  the  data  reported 
in  the  literature,  including  some  SP1A/M2  data 
sheets,  are  the  results  of  such  approximate  calcu¬ 
lations  and  should  be  confirmed  by  exact  calcula¬ 
tions  before  important  decisions  are  based  on  them. 

Two  approximate  calculations  that  have  been 
used  by  more  than  one  facility  are  described  in 
Paragraphs  7-6  and  7-8, 

7-6.  Hirachfelder-Sherman  emulation.11  It  v. 
possible14  to  calculate  Q  from  additive  constant, 
Qi  which  are  defined  as  the  contributions  of  ingre¬ 
dients  /  to  the  heats  of  explosion  of  propellants 
containing  them.  The  Hirschfelder-Sherman  calcu¬ 
lation  takes  as  the  reference  temperature  2500°K, 
The  heat  of  explosion,  Q,  of  the  propellant  differs 
from  the  heat  required  to  bring  the  combustion 
products  to  2500°  K  by  an  amount  E,  which  can 
also  be  calculated  from  additive  constants  £, 
which  are  properties  of  the  ingredients  1.  Finally, 
the  heat  capacity  of  the  product  gas  at  2500°K  is 
estimated  from  additive  constants  C„f  which  are 
properties  of  the  ingredients  /.  These  heat  capaci¬ 
ties  arc  assumed  constant  for  the  interval  from 
2000°K  to  3000°K.  The  burning  temperature  at 
constant  volume,  Tv,  is  the*1  given  by  the  equation 

T,  =  2500  +  ~  (18) 


The  gas  volume,  is  calculated  by  Equation  8, 

and  the  force,  F,  by  Equation  2. 

If  T,  is  above  30Q0°K,  a  better  approximation 
of  T,  is  given  by  the  relationship 


T,.  =  3000  +  6046 j-  (Cc  +  0.01185)  + 

[(C„  +  0.01185)*  + 

3.308(10-  *)(£  -  500C,.)]*/ 


(19) 


In  order  to  calculate  characteristic  velocity 
from  Equation  3  or  specific  impulse  font  Equa¬ 
tion  4  (see  also  Reference  17)  we  need  the  flame 
temperature  at  constant  pressure,  Tp,  and  the  ratio 
of  specific  heats,  y,  at  the  working  temperature. 
The  value  of  y  is  given  by  the  relationship1' 


y  -  1  + 


1.987 

CrM 


(20) 


from  wl  ich  T,  is  calculated  by  the  equation 


T,=—  (21) 

T 

Additive  constants  for  a  number  of  prooellant 
ingredients  are  given  in  Table  2,  Constants  for 
other  organic  ingredients  can  be  estimated  from 
the  relationships1' 

(a?)(  =  C,  +  V4W,+  Mi  (8) 


CV)  =  1.620C,  +  3.265 H{  +  5.1930,  f  3.384N, 

(22) 


Qt  =  (-A/s),  -  67421[2C,  +  Vi  A’,  -  O ,]  (23) 


Ei  -  (—A E),  -  13277 1C,  - 

40026//,  -f  518190,  —  6724#, 


where  (—A £),  is  the  heat  of  combustion  of  ingre¬ 
dient  /. 

Within  the  range  2000°  to  4000“K  for  Tv  this 
method  gives  results  within  a  few  percent  of  the 
exact  method.  The  method  should  not  be  ased 
for  propellants  with  T%,  over  4000°K  as  it  docs 
not  allow  for  dissociation  to  free  radicals,  such  as 
H,  OH,  and  Cl.  It  should  also  not  be  used  for 
propellants  yielding  a  substantial  amount  a  con¬ 
densed  exhaust. 
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TABLE  2.  THERMOCHEMICAL  CONSTANTS  FOR 
HIRSCHFELDER-SHERMAN  CALCULATION** 


Q< 

(i), 

Acetous 

-193* 

0.5104 

-2*42.5 

0.10331 

Ammonium  dicbrotnatc 

1290 

0.2700 

610 

0.0200 

Ammonium  nitrate 

1430 

9.4424 

405.1 

0.0374* 

Ammonium  perchlorate 

1603 

0.3167 

80022 

0.2128 

Ammonium  picrate 

539 

0.3213 

-117 

0.04470 

Asphalt 

-2302 

0.2179 

-2305 

0.09450 

Bd-MVP  copolymer  (90%  butadiene,  *0%  2-nrjthyl-5->inylpyridinr 
copolymer) 

—2741 

0.4132 

-3113 

ail344 

Butyl  carbitol  adipate 

-1136 

0.4923 

-2629 

0.09*99 

Butyl  csrtdtol  formal 

—1*02 

0.5229 

-2632 

0.10403 

a— -.1,  n  -  «-t — t. 

—3330 

0.1349 

—31*7.3 

00*326 

CWQnlovp  iflUitt 

-1263 

0.3953 

-1971 

006929 

ijfcdfyt  maleate 

-135* 

0.3*72 

-1937 

0.0*155 

Di-*-butyl  pfathalate 

-2071 

0.425* 

-2636 

009701 

Dibutyl  tebacatc 

-2395 

0.510* 

-3139 

aim 

tH-P-ethylbeayl)  assist* 

-2612 

0.5772 

-2272 

0.11476 

Diethyl  pbthalate 

-1760 

0.3166 

-2348.7 

0.0*550 

Diftlycol  dinitnte 

1073 

0.3657 

232.4 

0.045*9 

Dhdoopheamyethanol 

-15 

0,3369 

—633.4 

0.0569* 

Dioctyl  phthalate 

-2372 

0.4650 

-3020 

0.11026 

Diphenylamine 

-2664 

0.3471 

-3010 

0.10637 

Diphenylguanldine 

-2270 

0.3476 

-2626 

009941 

Ether 

-2007 

0.5970 

-293* 

0.12145 

Bthyl  alcohol 

-1716 

0.60*3 

-27*3 

0.10*54 

Ethyl  centnlite 

-2412 

0.3905 

-2766 

0.10434 

Graphite 

-3370 

0.1349 

-3234 

0.00326 

GR-I  rubber 

-3257 

0.5779 

-4006 

0.14255 

HMXCydotetramethyknstetranitramiiie 

1321 

0.3414 

373 

0.0405 

Lead  stearate 

-2000 

0.3976 

-2440 

0.091*0 

M*V 

-1*27 

0.3976 

—2440 

0,091*0 

N-Methyt-p-nitioaiiittDe 

-1095 

0.35*0* 

-1623 

0.07U7 

Metrio!  trinitrate 

11*9 

0.3052 

377 

004313 

Mineral  jelly 

-3302 

0.5*11 

-473 

0.1426 

Mtrooe&uloee,  12.2%  N 

900 

0.3471 

137.7 

0.04127 

NitroosEuloee,  12.6%  N 

936 

0.3454 

196.9 

C.04C40 

Nitrocellulose,  13.15%  N 

1033 

0.3421 

2*3.1 

0.03930 

TABLE  1  THEKMOCHEMiCAL  CONSTANTS  FOR 


CALCULATION1  *  (Ctrnfimt* td) 


a 

s 

a, 

2-Nitrodipiwnyurnine 

-1113 

0.3226 

-2201 

0.08411 

Nitroglycerin 

1785 

C.3438 

951.9 

0J03082 

Nltroguenidine 

713 

0.3710 

-68.6 

0.04808 

pbi  w,  rtct— rytnmot  tctrvutnds 

1531 

0.3424 

727 

0.0348 

»_ .  -i- 

rtcrcn 

1202 

0.3703 

374 

0.04109 

MyaW 

-2184 

0.3352 

-2620 

02)9123 

MykobUee 

-3228 

OJ798 

-3981 

0.14259 

Belyr  (rattfayrl  aciylate) 

-1404 

0.4231 

-2111 

0.04140 

MyetTiene 

-2983 

0.3739 

-3309 

0.HS23 

notyrwetame 

-3296 

0.4073 

-3773 

0.10796 

My(vhrjrl  chloride) 

-1614 

0.2060 

-1851 

O.OWOff 

Fotawhim  nitrate 

1434 

OJ158 

24,9 

02)0909 

PoUtrium  perchlorate 

1667 

0.2000 

800 

0.00732 

Potainttm  suKete 

300 

0.1250 

-800 

02)0574 

RCX,  CyckttrimrthyknttimitnuBtPt 

1360 

0.3416 

615 

0.0405 

Suciote  octUMtite 

-1121 

0.3941 

-1825 

0.06922 

TrUoetin 

-1284 

0.4191 

-1973 

0.07333 

Triethykne  gtvcol  dinitnUe 

750 

0.40430 

—89.24 

02)5412 

Trinitrotoluene 

491 

0.3037 

-110 

02)4843 

7-7.  Example  caloUka  of  F,  c?,  /£  by  Oe 
ShcUddn-SkrauB  ntBod.  Consider  a  propel¬ 
lant  of  composition: 


Nitrocellulose,  12.6%  N 

030 

Nitroglycerin 

0.49 

Ethyl  central! te 

0.01 

From  the  composition  and  Table  2,  we  have 


lapedfcot 

WeUbt 

fraction 

>■01 

*tC 

« 

x>B, 

*,/M, 

NtooceUakM* 

0J0 

471 

0.1727 

99J 

0.02020 

a  tta ^t-.  —  -  ~  T  -  - 

niwwjywtl 

049 

rs 

0.1613 

466.4 

02)1510 

BAglewnHtt 

0.01 

-24 

0.0039 

-274 

0.00104 

— 

12)0 

1329 

0.3451 

MU 

0.03634 

Isochoric  flame  temperature: 

T,  by  Equation  18:  2500  +  =  4060°K 

Since  this  is  higher  than  3000°K,  we  must  calcu¬ 
late  by  Equation  19 

T,  =  3000  +  6046 j-  (0.3451  +  0.01185)  + 
[(0.3451  +  0.01185)*  +  3.308  X  10~*  X 

(538.3  -  500  X  0.345 1)] 

=  3855°K  or  69409R 

Force.- 

F  -  =  1543  X  694  X  0.03634 

=  389,000  ft-Ib/lb 


Specific  heat  ratio 

,  ,  1.987  x  0.03634 

Y  =  1+ — qmTi — 


=  1.2092 


Isobaric  flame  temperature: 


,  _  3835 
'“1.209 


=  3I88*K  or  5738°R 


Characteristic  velocity,  cf:  From  Table  1,  the 
reduced  characteristic  velocity  corresponding  to 
y  =  1.209  b  1.540.  Tbe  characteristic  velocity, 
cf,  is  then 


cf  =  1.540  V  Mi  x  154J  x  5738  x  0.036*34 
=  4950  ft/sec 


Specific  impulse,  I&  From  Figure  1,  the  reduced 
specific  impulse  corresponding  to  y  ~  1209  and 

&  =  0.015  is  2.445.  The  nserifie  impulse,  is 
then 


LJ  =  2.445^ 


543  x  5738  x  0.03604 
153 


=  245  Ib-sec/Ib 


7-8.  ABL  short  criralattan  hr  specific  Is* 
puke.11  In  order  to  shorten  tbe  time  and  coni' 
plenty  of  the  exact  calculation  for  specific  impulse 
of  propellants  with  condensible  exhaust,  the  ABL 
method  makes  a  number  of  simplifying  assump¬ 
tions.  Chief  among  them  are: 

(a)  No  product  dissociation  is  considered. 

(b)  A  priority  system  applies  to  the  forma¬ 
tion  of  the  products.  Thus,  oxygen  first  oxidizes 
all  light  metal,  then  converts  C  to  CO,  then 
H,  to  HjO,  and  any  oxygen  still  not  used  up 
converts  CO  to  CO,. 

(c)  Certain  latent  heats  are  completely  re¬ 
covered  during  nozzle  expannoa. 

The  calculation  can  be  performed  with  a  desk 
calculator,  but  is  usually  done  with  a  larger  calcu¬ 
lator  if  available. 

Results  of  this  calculation  m*y  differ  from  exact 
calculation  results  by  as  much  as  3  percent 
The  results  do  not  represent  either  frozen  flow 
or  equilibrium  flow,  but  agree  fairly  well  with 
exact  equilibrium  flow  calculations. 

The  assumption  of  no  association  leads  to  arti- 
firia  values  tar  T,. 

empirical  rintormimartoa  of  the  ballistic  parameters 
la  dbcasaod  In  the  next  toy  paragraphs. 


fl-L  Msasmrsnsnt  <4  heat  at  ezptsafoa.  The 

heat  of  explosion  of  a  propellant,  Q,  also  known 
as  the  calorific  value,  is  meaiuicd  by  burning  in 
a  bomb  calorimeter  under  an  inert  atmosphere. 
Two  types  of  calorimeters  have  been  in  common 
use.  In  the  Boas  calorimeter  the  loading  density, 
or  weight  of  propellant  per  unit  volume,  it  fairly 
high,  leading  to  pressures  of  some  thousands  of 
pounds.  This  calorimeter  need  not  be  prepressur¬ 
ized.  In  a  coal  calorimeter,  the  loading  density  is 
low  and  an  initial  inert  gas  pressure  of  same  200 
to  300  psi  is  required.  Both  types  cf  calorimeter 
give  essentially  the  same  values  of  Q. 

For  rtiwwnrhi-miiii  purposes,  the  observed  heat 
must  be  corrected  for  the  of  condensation  of 
water  and  for  shifting  gas  equilibrium  during  the 
coding  of  the  calorimeter  and  its  contents.  This 
correction  amounts  to  about  10  percent  and  may 
be  so  approximated.”  Uncorrected  calorimetric 
values,  denoted  “water  liquid,”  are  of  considerable 
utility  as  a  quality  assurance  measure  In  volume 
production  of  propellants  to  verity  that  successive 
tote  of  propellant  manufactured  to  the  same  for¬ 
mula  actually  duplicate  each  other  within  specified 
limits.  The  calorimeter  test  can  be  run  with  much 
less  effort  and  more  precision  than  a  complete 
chemical  analysis.  The  procedure  for  the  calorim¬ 
eter  test  is  given  in  a  Navy  Department  Bureau 
of  Ordnance  report"  Calorific  values  encountered 
in  propellants  seldom  exceed  1500  cal/g  and  are 
accordingly  much  less  than  for  ordinary  fuels.  The 
obvious  reason  for  this  is  that  ordinary  fuels  draw 
on  atmospheric  oxygen  for  their  combustion  re¬ 
actions,  whereas  propellants  must  cany  their  oxi¬ 
dants  within  themselves  in  order  to  function  in 
the  absence  at  air. 

§•2.  Measurement  at  specific  force.  Combining 
Equations  1  and  2  we  get 

(y-eW)  (25) 

A  direct  experimental  measure  of  F  should  then 
be  obtained  from  die  pressure  developed  under 
adiabatic  conditions  by  burning  a  weight,  W,  of 
propellant  in  a  closed  chamber  of  volume,  V.  Be¬ 
cause  truly  adiabatic  conditions  can  only  be  ap¬ 
proached,  a  related  concept,  that  of  relative  force, 
is  used.  If  equal  weights  of  two  propellants  with 
the  same  burning  time  are  fired  consecutively  in 
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o 
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tbe  tame  doeed  vend  at  the  same  initial  tempera¬ 
ture,  W  and  (F  —  aW)  are  constant  Then 

F’~F‘(k) 

Ft,  the  (once  of  die  standard  propellant  is  arbi¬ 
trarily  assigned  the  value  100  percent  and  the 
relative  force,  RF,  at  the  propellant  under  exami¬ 
nation  becomes 


RF  =  ~*x  100%  (26) 

?! 

Relative  force  is  used  in  quality  control  at  gun 
propellants  to  assure  that  successive  lots  of  the 
same  formulation  duplicate  each  other.  In  develop¬ 
ing  a  new  propellant  to  replace  an  existing  one, 
a  measurement  of  relative  force  is  useful  as  an 
indication  that  the  relationship  between  calculated 
and  delivered  force  is  or  is  not  similar  to  the  rela¬ 
tionship  for  the  known  standard  propellant  The 
procedure  and  description  of  apparatus  for  the  de¬ 
termination  of  relative  force  may  be  found  in  an 
Army  Service  Forces  Directive.'4 

M.  Mcaaewent  of  cbamctcrlsdc  velocity. 
Delivered  or  actual  characteristic  velocity,  c*,  is 
defined  as 

**  =  SwfP'dt  <27> 

It  is  determined  experimentally  by  static  firing  of  a 
weight,  W,  of  propellant  in  a  vented  vessel  of 
known  throat  area,  Ah  measuring  the  chamber 
pressure  as  a  function  of  time,  and  integrating. 
The  JANAF  Solid  Propellant  Rocket  Static  Test 
Panel  has  published"  a  survey  of  existing  static 
test  facilities  and  is  continuing  to  coordinate  test 
procedures.  Comparison  of  c*  with  cf  gives  a 
measure  of  the  operating  efficiency  of  the  vented 
vessel.  In  similar  heat  engines  with  similar  pro- 


c* 

pedants,  —  should  remain  nearly  constant.  The 


difference  between  et  and  c*  is  due  largely  to 
heat  losses  to  the  motor  walls.  - 


£4.  Measurement  of  apeeflc  impulse.  Deliv¬ 
ered  or  actual  specific  impulse,  /w,i»  defined  as 

l»=wf F  dt  <28> 

This  parameter  is  determined  also  by  static  firing 
a  vented  vessel,,  but  measuring  thrust" 


Unless  the  operating  and  discharge  pressures 
are  1000  psi  and  14.7  pei,  respectively,  die  meas¬ 
ured  /*  must  be  corrected  to  these  values.  Cor¬ 
rections  must  be  applied  also  for  the  divergence 
half-angle  of  the  nozzle,  since  the  amount  of 
impulse  delivered  decreases  as  nozzle  angle  in¬ 
creases."  The  usual  convention  for  half-angle  is 
15°.  Part  of  the  difference  between  /£  and  ln 
is  therefore  doe  to  the  divergence  loss.  The  15* 
convention  is  unfortunately  net  always  observed. 
Some  measured  Iv  data  repotted  in  the  literature 
have  been  corrected  to  zero  half-angle.  In  using 
I„  data,  one  must  identify  wUeh  half-angle  cor¬ 
rection  has  been  used. 


/„  (dso’atBMatetfanl  roadmans  The  following 
data  were  taken  from  an  actual  rocket  firing: 

Expansion  ratio,  «*  =  41  =  2.779 

At 

Mean  chamber  pressure,  Pt  =  218  psia 
Nozzle  divergence  half-angle,  a  =  20° 
Specific  heat  ratio,  y  =  1.17 
/„  (del)  =  201.3  lb-sec/lb 

The  correction  of  I„  (del)  to  standard  condi¬ 
tions  involves  the  parameter  thrust  coefficient,  Cr, 
from  interior  ballistics.  The  thrust  coefficient,  de¬ 
fined  as 

c'  =  Ki7  =  ^  m 

measures  the  contribution  of  the  nozzle  to  the 
rocket  thrust.  Since  c*  is  independent  of  discharge 

conditions,  for  any  given  rocket  firing  7?-  is  a 

constant  independent  of  nozzle  and  external  con¬ 
ditions. 

The  thrust  coefficient  has  its  maximum  value 
when  expansion  in  the  nozzle  is  to  aero  pressure 
(vacuum)  and  discharge  is  also  to  zero  pressure. 
For  any  other  exit  pressure  the  vacuum  thrust 

coefficient  must  be  corrected  by  a  term  U 
the  ambient  pressure  differs  from  the  exit  pres¬ 
sure  another  correction  involving  must  be 
applied. 

Values  of  Cr  and  c^j^are  obtained  from 

Thrust  Coefficient  and  Expansion  Ratio  Table j" 
of  which  tbe  tabulated  C>  it  for  vacuum  discharge 
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and  zero  divalence  angle.  The  divergence  angle 
correction"’  to  made  by  the  equation 

X  —  0.5  +  0.5  cos  « 

so  that  the  overall  correction  becomes 
actual  Cr  — 

A^Cr  (table)  -  *(§)]  +  .  (£)  -  «  (£) 

For  die  example  at  hud,  using  the  table  values: 
Firing  conditions  Standard  conditions 


o 

1.54358 

1.7S284 

•(£) 

021405 

0.13856 

X 

0.9699 

0283 

Inserting 
standard  on 

numerical  values,  and 
nfltioos  F,  »  1*, 

noting  that 

C,  (firing)* 

=  0.9699(124358  -  021405)  + 

021405  -  2.779  x 

14.7 

IT? 

=  1.316 

C,(s*d)  a  0.953(1.75824  -  0.13856) 
a  1.587 

The  corrected  value  of  lm  at  standard  oondidon 

t%  IngJCTOffCy 

201.3  x  HI!  =  242.8  Kvsec/lb 

9.  Boning  of  pvapaBaals.  Heat  will  be  trans¬ 
ferred  by  radiation,  conduction.  and/or  convec¬ 
tion  to  the  surface  of  a  odd  solid  propellant 
impended  in  s  hot  atmosphere.  If  the  solid  to 
essentially  a  noocouductor-of  heat,  the  heated  sur¬ 
face  will  pyrolize,  giving  rise  to  gaseous  products 
and  exposing  new  surface  to  the  hot  atmosphere. 
The  gas  in  immediate,  contact  with  the  burning  sur¬ 
face**  will  be  the  uneontandnated  pyrolytic  prod¬ 
ucts  of  the  surface,  at  the  temperature  of  pyrolysis. 
Moving  out  from  the  surface  the  gases  are  raised 
to  the  temperature  of  the  hot  atmosphere  and 
undergo  reactions  among  themselves  and  with  the 
atmosphere  so  that  the  hot  atmosphere  continues 
to  exist  in  a  state  of  equilibrium  among  the  sev¬ 
eral  chemical  species  present  If  the  solid  to  a 
monopropdlsnt  and  the  hot  atmosphere  comprises 
its  combustion  products  at  flame  temperature,  the 

*fltaoe  tbit  raise  it  a  theoretical  value  derived  from 
atpwaimatt  anasarsd  parameter*,  it  doat  not  aremrily 
ajrae  with  a  value  of  C,  cslaiiastd  by  Equation  29  from 
mteturad  to  sod  c*. 


primary  pyrolytic  products  axe  given  off  already 
prantoed  and  in  proportions  such  that  the  final  re¬ 
action  of  the  products  amoQg  themselves  will  bring 
the  gas  to  flame  temperature  and  tints  duplicate  the 
hot  atmosphere  in  temperature  and  composition. 

Although  the  temperature  rise  and  oompositon 
changes  are  continuous  from  tile  unchanged  pro¬ 
pellant  to  the  products  at  flame  temperature,  it  to 
convenient  for  analysis  to  break  the  process  down 
into  several  phases  ns  represented  by  Figure  2. 
Region  A  represents  the  unheated  interior  portion 


a  score  o 


a.  corn  nwtuisr 
a  mca  tib  ntnuMT 
c.  waoursts  asm  teem  souci 
-a  aamaav  aaaaoas  evneutx  moaners 
t  us  Ncaiais  teas  am  mi 
r  sm  asacnoa  zaac  nw  mi 

•  qy amm  4<  ■BrVBRJ  W  vNWO  fTRMOfirapMOTr 


of  the  solid.  In  region  B  n  thin  layer  of  the  solid 
to  being  heated  to  pyroiysto  temperature,  Tu  In 
regma  C  pyroiysto  is  taking  place  and  gaseous 
products  are  being  formed.  The  pyrolytic  reactions 
may  or  may  not  involve  the  formation  of  liquid 
intermediates  (foam  none).  A  layer  of  primary 
gaseous  pyrolytic  products  at  temperature  Tf  Is 
region  D.  In  region  E  (fizz  zone)  these  gases  are 
heated  to  ignition  temperature.  In  trt'  process 
they  may  undergo  low  temperature  reactions  of 
an  exothermic  character  and  produce  some  heat 
The  bulk  of  the  heat  to  generated  in  the  flame  zone, 
region  F,  to  yield  finally  burned  gas  at  tempera¬ 
ture  7  in  region  O. 

At  operating  pressures  in  the  neighborhood  of 
several  hundred  pounds  per  square  inch  and 
higher,  the  thickness  of  the  refloat  B  through  F 
to  small,  perhaps  of  the  order  of  10-*  Inches  in 
total.  By  operating  at  greatly  reduced  pressures 
one  can  broaden  these  regions.  The  foam  a me, 
fizz  zone,  and  flame  zone  have  been  observed  in 
experiments  of  this  type.** 

The  linear  rate  of  bunting  of  the  mooopropel- 
lant  depends  on  the  rate  at  which  the  surface 
receives  beat  from  the  turrounding  combustion 
products.  All  MpnfH  rirfarm  that  can  usceH  the 
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hot  combustion  products  should  receive  beat  at 
the  tame  rate  and  therefore  burn  at  the  sane  rate. 
The  burning  surface  should  recede  by  parallel 
layer*  This  conriwsinn,  known  as  Pbberft  law" 
and  first  announced  for  black  powder,  has  been 
verified  for  mouopropellants  under  both  rocket 
and  pv  conditions  by  Uufttoq  and  measure¬ 
ment  off  partially  boned  grains.  It  appears  aho  to 
hold  for  composite  propellants,  although  the  ex- 
planerim  cannot  be  m  simple. 

The  rate  of  eagre  ition  of  a  bandog  propellant 
surface,  measured  normal  to  the  surface,  is  known 
aa  the  ttnm  bantbtg  me,  r.  It  is  usuhDy  expressed 
te  terns  of  inches  per  second.  When  r  is  muhipfied 
by  the  ana  of  the  boning  surface,  St  and  by  the 
density  we  have,  finally,  the  wafe *f— or  im an — 
forsftw  rate,  capreieed  aa  pounds  per  second 

W^rSf  (30) 

Several  fortnss  are  m  upiiicd  as  affecting  the 
boning  rate.  Among  these  are  pressure  at  which 
hifiyn|  j|  rafciqg  i«M«i  seiupcnturc  of  the 
prapdtant,  gas  velocity  over  the  boning  surface, 
and  composition  of  the  propellant. 

9>L  Effect  of  prnawru  Increasing  the  preasoc 
at  which  burning  takes  place  should  increase  the 
rate  of  heat  transfer  from  the  flame  to  the  pro¬ 
pellant  by  increasing  the  density  of  the  gas  phase 
end  thereby  decreasing  the  thickness  of  regions 
D  and  E  through  which  the  heat  must  be  trans¬ 
ferred.  The  influence  of  pressure  has  been  stuified 
in  both  dosed  bombs  and  vented  vessels  over 
s  period  of  years,  and  empirical  equations  in 
various  forms  developed  by  different  schools  of 

de  Saint  Robert  equation”  r  —  bP*  Ola) 

Muraour  equation**  r  =  a  +  bP  (31b) 

Suounerfield  equation**  ;=?+*(v)*“3,c, 

If  the  log  P  —  log  r  relation  for  a  propellant 
»  plotted  we  get  a  fondly  of  curves  resembling 
Figure  3  from  propellants  behaving  according  to 
Equation  31a,  bom  which  the  values  of  b  and  «i 
can  be  evaluated.  The  constant  n  is  the  slope  of 
Ihe  log  rate  versus  log  pressure  line.  At  gun  pres¬ 
sures,  10,000  to  30,000  pci,  nearly  all  propeflanfs 
follow  Equation  31a,  with  n  =  approximately 
0.9.M  At  rocket  premures,  bdodr  2000  psi,  n  for 
the  tame  propellant  is  generally  lower  than  nt  gun 


LOS  Mcssuac 

JtsIpfifaMitjyjji  of  ProptMottht 
for  Whkk  r  =  W* 


premurea.  In  this  region  will  be  found  propeSants 
giving  dm  normal  straight  fine  leg  rate  venue  log 
pressure  relationship,  but  also  many  propellants 
deviating  widely  from  it  Two  types  of  curves  are 
worthy  of  special  mention. 

PropeSants  showing  a  region  of  markedly  re¬ 
duced  n,  as  shown  in  Figure  4,  are  known  as 


figure  4.  for  Pranure  tmlahonthip  of  Wutuow 
PrepaflaMfe 
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“plateau''  propellants.**  TN*  behavior  is  shawm  by 
certain  nitrocellulose  system  propellants  contain¬ 
ing  smaQ  amounts  of  lead  compounds  and  by 
tone  fuel  binder  ammonium  perchlorate  compos¬ 
ites.  The  effect  of  the  lead  compounds  is  to  in¬ 
crease  the  burning  rate  in  the  plateau  region  and 
at  lower  pressures,  as  shown  by  the  fast  ds-*  ,*ith- 
out  the  lead  the  propellant  would  show  a  tontol 
cur  *  coinciding  with  the  high  pressure  Evunch  of 
the  plateau  propellant’s  curve  cad  continuing  wxr- 
ejally  into  die  lower  pressure  tcRkw  (dotted  hne. 
Figure  4).  The  mechanism  of  plateau  Ireattos 
has  not  been  fully  eh  ridated.  From  Equation  31a 
the  pressure  in  a  vented  vessel  is  of  the  form** 

F  =  const  x(^y~* . 02) 

from  which  it  is  apparent  that  a  tow  value  of  n 
Is  desirable  in  rocket  propellants  to  decrease  the 
sensitivity  of  the  operating  pressure  to  small 
changes  in  b  (a  function  of  propellant  ambient 
temperature);  S,  the  burning  area;  and  A,,  the 
throat  area.  In  practical  terms,  a  low  value  of  n 
permits  design  of  tighter  weight  rocket  motor 
chambers  by  decreasing  the  requirement  for  Ugh 
safety  factors  to  take  care  of  deviations  oE  b,  S, 
or  At  from  design  values. 

As  a  low  value  of  n  is  desirable,  a  negative  value 
is  even  more  desirable.  Propellants  are  known 
which  show  negative  values  of  n  over  short  pres¬ 
sure  ranges,  as  shown  in  Figure  5.”  They  are 
known,  from  the  shape  of  the  curves,  as  “mesa” 
propellants.  In  the  region  of  negative  slope,  should 
the  pressure  increase  as  a  result  of  sudden  expo¬ 
sure  of  additional  burning  surface  or  by  partial 
constriction  of  the  throat  the  rate  would  drop 
immediately  to  restore  the  balance.  The  close  ap¬ 
proach  of  the  isotherms  also  contributes  to  a  tow 
temperature  coefficient  of  performance  for  vented 
vessels  designed  to  operate  in  this  region.  Cross¬ 
ing  of  isotherms  indicates  a  region  of  negative 
temperature  coefficient. 

9>t  Effect  ef  toapMtam.  As  can  be  seen  from 
the  isotherms  of  Figures  3,  4,  and  5,  the  initial 
temperature  of  the  propellant  has  a  significant 
effect  cm  the  linear  burning  rate.  If  all  of  the  heat 
transferred  to  the  propellant  surface  from  the  cam- 
busttoa  products  were  used  to  raise  that  surface 
to  a  temperature  T,  at  which  vaporization  or 


loo  vftestuac 


Ugotm  5.  fiats  Pressure  llohNonthip  of  Ms  jo 
ltropol1onh 


reaction  becomes  appreciable,  one  would  expect 
the  temperature-rate  relationship  to  assume  the 
form 


VP" 

r,=  <r  -  Td 


(33) 


whore  V  is  a  constant  and  T,  is  any  initial  tem¬ 
perature.  By  measuring  the  linear  burning  rates 
at  the  same  pressure  for  the  same  propellant  at 
two  initial  temperatures  one  could  calculate  T. 
Another  frequently  used  relationship  is 

r  =  b"P*e\T,  -  T„)  (34) 


where  b"  and  u  are  constants  and  7,ba  refer¬ 
ence  initial  temperature.  A  linear  relationship  has 
also  been  noted."  The  existence  of  regions  of  nega¬ 
tive  temperature  coefficient  described  above  is  not 
consistent  with  either  of  these  relationships,  so 
the  effect  of  propellant  temperature  on  linear  burn¬ 
ing  rate  remains  largely  an  empirical  relationship. 

In  the  SPIA/M2  data  sheets  four  temperature 
coefficients  may  be  found.  Of  these  the  tampsa- 
ture  coefficient  of  burning  rate  at  constant  pressure, 

o,  —  **  **ti<B*ttd  from  the  rate-pressure 

curves  (Figures  3,  4  or  3)  using  the  intent  stions 
of  the  curves  for  the  different  temperatures  with 
a  vertical  line  at  the  constant  pressure  of  interest. 
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Sim  foe  a  real  rocket  motor  tbe  worting  pressure 
it  not  the  same  at  different  -grain  temperatures, 
this  parameter  does  not  haw  real  significance. 
The  tomperatnre  coefficient  of  bandog  rate  at  con¬ 
stant  K  nha,  h  determined  em¬ 

pirically  by  static-firing  rochet  motors  at  different 
•relit,  temperatures  said  dividing  the  known  web 
by  die  burning  times  to  get  the  rates 
Since  neither  the  burning  surface  nor  the  nozzle 
throat  area  rhsngri  appreciably  with  ambient 
temperetnm^the  assumption  of  < -mutant  K.  value 
between  rocket  motors  of  the  same  design  at  dtf- 
facet  temperatures  is  good.  The  temperature  co- 

dBriait  fif  pressure  at  constant  ?  value,  »i  = 

T  t 

is  determined  hum  the  rate-pressure 

curves,  using  the  intersections  of  the  carve*  fa 
the  dhfaeut  temperstnres  with  43°  fines  which 

B 

are  Ham  of  constant  In  real  rocket  motors  the 

p 

HffwnptioQ  d  constant  ~  with  changing  tempera¬ 
ture  is  better  than  the  assumption  of  constant  pres¬ 
sure,  hut  this  parameter  «*m  has  only  qualitative 
value.  The  hkw  fm^ninw  qwW 

of  pressure  at  constant  f  value,  ** 

again  determined  empirically  by  static  firing  at  dif- 
faent  temperatures.  AO  fair  of  these  parameters 
are  expressed  in  units  of  percent  per  degree,  usually 
Fahrenheit  Low  values  of  these  coefficients  are 
desirable. 

M.  Hut  ef  pm  rafiedty.  Breslve  tardag. 

When  burning  ocean  inside  tabes  of  propellant 
such  as  dm  perforations  of  gun  propellant  and  the 
interior  surfaces  of  rocket  propellant,  it  is  found 
that  the  linear  burning  rate  at  and  near  the  exit 
cf  die  tube  exceeds  die  normal  rale.  The  shape  of 
die  “eroded"  region  suggests  a  velocity  effect,  and 
indeed  the  morion  law  may  be  written 

r  =  M»{1  +  (35) 

where  Y  is  the  local  gas  velocity  in  the  tube  and 
C  is  the  velocity  of  aound  in  the  combustion  prod¬ 
ucts.  In  the  case  of  a  single  intenud-buminf  rocket 
grata  in  a  rocket"  motor,  VA,  =  CA-,  where  A, 


is  the  “port  area”  or  the  exit  area  of  the  tube 
and  At  is  the  nozzle  throat  area,  so  Equation  35 
b(  iGO^neS 


r  =  W*<l  +  Kt±L)  (35a) 


which  is  in  a  more  convenient  form  fa  use  by 
rocket  designers.  The  constant  Kt  is  called  the 
“eroaivity  constant”  and  is  a  measure  of  the  sus¬ 
ceptibility  of  s  propellant  to  erosion.  Its- valne  is 
of  the  order  of  0.5  to  1.0.  Equation  35  will  he 
recognized  as  a  linear  Tr"tTim*Hn".  sppUcahle 
over  tbe  range  of  gas  velocities  fa  which  the  con¬ 
stant  Kt  has  been  developed.  A  theoretical  treat¬ 
ment  of  erosion4'  has  been  based  esi  the  transition 
from  laminar  flow  to  turbulent  flow  of  the  com¬ 
bustion  products  within  the  perforetfai. 

An  erosive  burning  law 


r  =  bP*  + 


£L 

i,o.» 


(3«) 


has  been  developed41  from  consideration  of  heat 
transfer  to  tbe  propellant  walls  from  the  hot  gas 
passing  down  the  perforation.  In  this  equation,  « 
and  $  are  constants  characteristic  to  the  propel- 
lent,  burned,  G  is  the  mass  vdodiy  of  the  gases 
in  the  port,  and  £.  is  the  distance  downstream  from 

(fa  «*q"«*hn  pnftttf. 


M.  Effect  of  coaaparitfen.  As  die  driving  force 
for  the  burning  of  propellant  is  the  temperature  of 
die  combustion  products,  all  theories  agree  that 
hot  propellants  should  have  a  higher  linear  burn¬ 
ing  rate  than  cool  ones.  This  is  found  quite  gen¬ 
erally  true  at  gun  pressures  and  also  at  rocket 
pressures  where  die  rate-pressure  relationship  is 
“normal."  This  is  a  matter  of  no  more  than  aca¬ 
demic  interest  to  the  users  of  gun  propellants  who 
do  not  have  the  problem  of  reconciling  grain 
geometry  to  charge  envelope  requirements.  In 
rocket  design  on  the  other  hand,  where,  in  gen¬ 
eral,  single  grains  are  used,  it  is  necessary  to  be 
able  to  control  burning  temperatures  and  rates 
independently  in  order  to  meet  simultaneously  per¬ 
formance  and  envelope  requirements.  To  this  end 
rocket  compositions  quite  commonly  contain  addi¬ 
tives  known  as  burning  rate  catalysts  which  gen¬ 
erally  increase  or  decrease  the  normal  burning 
rate  of  the  propellant.  The  choice  of  catalysts  and 
their  proportions  in  the  composition  are  deter 
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mined  by  experiment.  Temperature  coefficients 
and  erosivity  constants  are  alio  properties  of  the 
compositions. 

composite  propellant  has  been  defined  as  a  solid 
propellant  system  comprising  two  or  more  solid 
phases  intimately  mixed.  In  all  important  cases, 
with  the  possible  exception  of  black  powder,  one 
of  these  phases  is  continuous  and  foims  the  matrix 
or  binder  in  which  the  other  phase  or  phases  is 
dispersed.  Wten  a  composite  propellant  burns,  the 
bunting  surface  comprises  a  web  of  binder  filled 
with  exposed  surfaces  of  filler  material  Each  ex¬ 
posed  material  bums  at  its  own  linear  rate  at  any 
given  pressure  and  starting  temperature  and  has 
its  own  pressure  index  and  temperature  coefficient 
A  perfect  match  between  the  burning  rates  of 
binder  and  filler  would  be  s  coincidence,  and  easily 
disturbed  by  a  c'lange  in  burning  pressure.  In  gen¬ 
eral  die  filler  surface  will  recede  faster  or  slower 
than  the  binder,  giving  rise  to  an  irregular  and 
time-dependent  boundary  between  regions  C  and 
D.  Figure  6  chows  the  case  of  filler  burning  more 
rapidly  than  binder.  Area  I  shows  a  filter  particle 
not  yet  exposed.  Area  II  shows  a  filter  particle  par¬ 
tially  burned,  white  at  Area  III  is  a  pocket  left 
by  a  filler  particle  completely  consumed.  The  net 
effect  of  the  faster-burning  filler  is  to  increase  the 
instantaneous  burning  surface  of  the  binder.  We 
can  no  longer  measure  the  burning  area,  only  its 
projection  on  a  plane  parallel  to  the  original  burn¬ 
ing  surface.  By  increasing  the  actual  burning  area, 
we  attain  a  greater  apparent  linear  rate,  referred 
to  the  projected  area.  In  spite  of  the  lower  apparent 
burning  rate  of  the  Under,  the  burning  rate  of  the 
composite  propellant  approaches  the  linear  rate  of 
the  fast-burning  filler. 

The  case  of  filter  burning  more  slowly  than 
binder  is  shown  in  Figure  7.  In  Area  I  we  have 
again  a  filler  psrtkle  not  yet  uncovered,  in  Area  II 
s  filler  particle  burning  at  a  slower  rate  than  the 
smrouadiog  binder,  and  in  Area  III  an  incom¬ 
pletely  burned  filter  particle  completing  its  com¬ 
bustion  in  the  gas  phase  outside  the  piece  of 
propellant  In  this  instance  the  linear  burning  rate 
of  the  composite  should  approximate  that  cf  pure 
hinder. 

As  the  linear  burning  rate  of  thr  composite  tends 
to  follow  the  burning  nite  of  the  faster-burning 
phase,  it  is  to  be  expected  that  the  temperature 
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Figure  6.  Burning  of  Composite  fropeUatf— 
film  Mote  Fader  Than  Binder 


a  s  e  s  (  r  « 


BINDER  WM  FILLER 

figuro  7.  Burning  of  Composite  Propellant— 
Filler  Koto  Slower  Than  Binder 


coefficient  and  pressure  index  should  also  tend  to 
follow  the  corresponding  figures  for  the  faster- 
burning  phase. 

iu  a  two-phase  filler-binder  composite  various 
combinations  of  monopropellants,  fuels,  and  oxi¬ 
dizers  are  possible.  If  both  binder  and  filter  are 
monopropellants,  region  D  is  all  combustible  mix¬ 
ture,  although  of  a  mixture  of  compositions.  If  the 
binder  is  a  monopropellant  and  the  filter  is  either 
oxidant  or  fuel,  region  D  is  a  continuum  of  com¬ 
bustible  mixture  containing  pockets  of  fuel  gas  or 
oxidizer  gas,  and  a  diffusion,  process  as  well  as 
heating  must  occur  in  region  E  before  the  com¬ 
bustion  reactions  can  be  completed.  If  tbe  binder 
is  fuel  or  oxidant  and  the  filter  is  monopropellant, 
region  D  becomes  a  continuum  of  fuel  gas  or  oxi¬ 
dizer  gas  containing  pockets  at  combustible  mix¬ 
ture.  If  the  binder  is  fuel  and  the  filler  oxidant 
or  vice  versa,  region  D  contains  no  combustible 
mixture. 

A  diffusion  step  is  required  to  mix  tbe  fuel-rich 
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gas  with  oxidizer-rich  gat  before  the  reactions  to 
produce  the  flame  temperature  can  be  completed. 
With  larger  filler  particle  size  the  distance  either 
gas  must  move  to  accomplish  diffusion  is  longer 
and,  therefore,  the  distance  between  region  D  and 
region  F  should  be  greater  than  with  smaller  filter 
particle  size.  This  may  explain  qualitatively  the 
observed  slower  burning  rates  of  fuel  binder  com¬ 
posites  with  large  filter  particle  size. 

The  requirement  of  a  diffusion  step  before  a 
combustible  continuum  is  achieved  is  no  essential 
handicap  in  a  burning  regime.  It  is  interesting  to 
note,  however,  that  propellants  with  this  require¬ 
ment  propagate  detonation  in  the  solid  less  readily 
than  do  monoprepe Hants, 

The  preceding  discussion  of  the  burning  rela¬ 
tionships  applies  to  steady  state  burning  and 
assumes  no  pores,  cracks,  or  fissures  with  com¬ 
ponents  perpendicular  to  the  burning  surface.  Two 
important  problems  are  recognized  in  connection 
with  burning. 

94.  Probleat  of  —stable  h— lag.  For  as  long 
as  modem  rockets  have  been  under  investigation 
in  the  United  States  and  undoubtedly  earlier  else¬ 
where,  some  rockets  have  exhibited  a  tendency  to 
develop  irregular  pressure  peaks  at  some  time 
during  their  burning  cycles.  In  severe  cases  this 
has  led  to  rupture  of  the  motor  chamber.  With 
pressure-time  instrumentation  of  sufficiently  low 
time  constants  these  pressure  irregularities  have 
been  shown  to  exhibit  frequencies  identified  with 
axial,  adial,  and/or  tangential  vibration  modes 
of  the  burning  cavity.  In  separate  instances  the 
phenomenon  has  been  overcome  by  “resonance 
rods”'*  placed  inride  the  grain  perforation,  radial 
holes"  through  the  web,  dots"  or  baffles41’" 
within  the  grain,  and  most  recently  by  adding 
small  quantities  of  finely-divided  aluminum"  to 
the  composition.  In  each  case  a  “quick-fix”  bos 
been  accomplished  but  no  real  explan  ation  has  been 
given  for  the  phenomenon.  Considerable  light  has 
been  shed  very  recently  cm  this  question  by  the 
appreciation  that  the  propellant  grain  does  not 
behave  as  a  rigid  body  but  has  acoustic  properties 
similar  to  those  of  the  gas  in  the  burning  cavity." 

9-7.  Tra— W—  from  dsflagntioa  to  detautioa. 

With  the  advent  of  very  large,  high  performance 
rocket  engines  the  question  has  been  raised  whether 
and  under  what  circumstances  a  rocket  motor  can 
proceed  spontaneously  from  a  bunting  regime  to 


detonation,  This  question  has  been  and  is  being 
investigated  intensively. 

It  is  presumed  that  burning  can  give  rise  to 
shock  and  that  the  shock  thus  produced  can  occa¬ 
sion  detonation  in  the  propellant.  That  continuous 
monopropellants  can  be  detonated  by  shock  has 
been  well  documented."*"  The  necessary  condi¬ 
tions  are  that  the  shock  intensity  be  sufficiently 
great  and  that  the  propellant  be  present  in  cross 
section  greater  than  its  critical  diameter.  That 
burning  of  a  properly  consolidated  rocket  grain 
can  give  rise  to  shock  has  not  been  demonstrated. 
A  theoretical  study4'  indicates  that  only  when  the 
pressure  rises  exponentially  in  a  few  microseconds 
to  several  thousand  atmospheres  can  coalescence 
of  pressure  waves  give  rise  to  shock  as  a  result  of 
burning.  In  an  improperly  consolidated  propel¬ 
lant,  on  the  other  hand,  with  regions  of  inter¬ 
connected  porosity  it  is  comparatively  easy  to 
attain  a  condition  of  shock  which  will  result  in 
detonation.  Unfortunately  much  of  the  literature 
which  purports  to  study  the  transition  from  def¬ 
lagration  to  detonation  actually  reports  studies  of 
the  transition  from  shock  to  detonation.4' 

19.  Flop  i  II— t  grain  A  single  piece  of  propel¬ 
lant  it  known  as  a  grain.  The  exposed  portion  of 
the  grain  surface  at  any  time  during  burning  is  the 
bunting  surface.  Any  portion  of  the  surface  which 
is  covered  by  adhered  nonbuming  material  is  in¬ 
hibited.  The  shortest  distance,  normal  to  a  burn¬ 
ing  surface,  that  the  grain  burns  until  it  loses  its 
structural  integrity  is  the  burning  distance.  The 
thickness  of  the  propellant  wall  so  consumed  is 
the  web.  If  a  grain  burns  on  only  one  side,  as 
is  the  case  with  case-bonded  or  otherwise  inhibited 
grains,  the  web  is  equal  to  the  burning  distance. 
If  two  parallel  surfaces  burn  toward  each  other, 
as  in  uninhibited  single-  or  multiple-perforated 
grains,  the  web  is  twice  the  burning  distance.  The 
relationship  between  web  and  burning  distance  is 
thus  not  single  valued.  The  dimensions  of  the  grain 
taken  collectively  are  known  as  the  granulation 
when  referred  to  multiple-grain  or  bulk  charges,  or 
as  configuration  when  referred  to  a  single  grain. 

A  grain  that  maintains  its  burning  surface  con¬ 
stant,  or  approximately  constant,  during  burning 
has  neutral  geometry.  Simple  neutral  geometries 
include  sheets,  squares,  or  disks  with  webs  small 
compared  with  surface  dimensions  or  with  edges 
inhibited,  long  tubes,  or  tubes  with  ends  inhibited. 


17 


A  grain  whose  burning  surface  increases  during 
the  burning  has  progressive  geometry.  Examples 
of  progressive  geometry  are  tubes  with  outer  sur¬ 
face  inhibited  and  burning  only  on  the  perforation 
surface,  also  grains  with  multiple  perforations.  A 
grain  whose  burning  surface  decreases  as  burning 
progresses  has  degressive  geometry.  Such  geom¬ 
etries  include  spheres,  cubes,  also  cylinders  and 
cords  of  any  cross  section.  The  burning  surface  is 
plotted  against  fraction  of  web  burned  for  several 
geometries  in  Figures  8-14.  The  portions  of  the 
grain  remaining  at  burn-through,  shown  shaded  in 


fraction  or  wra  burned 
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Figure  8,  Neutral  Geometry 


Figure  IT.  Slotted -Tube  Grain 
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Figure  12.  Prog  restive  Geometry 
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Figure  9.  Rod  and  Shell  Grain 
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Figure  13.  Muliiple-Ferf orated  Cylinder 

Figure*  10  and  13  are  known  as  slivers. 

The  terms  neutrality,  progressivity,  and  degres¬ 
sivity  are  also  applied  to  the  weight  burning  rate, 
W.  Since  W  is  proportional  to  both  linear  rate 
and  burning  surface,  factors  affecting  the  rate  can 
affect  the  progressivity  just  as  well  as  can  geo¬ 
metric  factors.  In  this  sense  a  dual-composition 
grain  in  which  the  first  composition  exposed  burns 
more  slowly  than  the  second  can  be  progressive  in 
spite  of  a  degressive,  geometry.  Such  grains  are 
used  for  small  arms  charges.  The  slow-burning 
outer  composition  is  created  by  coating  or  apply¬ 
ing  a  plasticizer  to  the  outside  of  the  grain  and 
causing  it  to  penetrate  only  part  way  through  the 
web,  leaving  the  interior  of  the  web  unchanged. 
Dual-composition  grains  may  also  be  used  in 
rockets  to  create  a  boost-sustain  situation.  In  this 
case  the  fast-burning  composition  is  first  exposed 
and  the  slow-burning  one  later.  Erosive  burning  is 
sometimes  used  to  speed  up  the  early  burning  of  a 
normally  progressive  geometry  and  attain  essen¬ 
tially  neutral  burning.  Finally,  pressure  changes 
that  affect  the  rate  contribute  to  progressivity.  In 
this  sense  all  closed  bomb  burning  is  at  least 
initially  progressive,  regardless  of  geometry,  and 
burning  of  a  progressive  or  degressive  geometry  in 
a  vented  vessel  is  more  progressive  or  degressive 
than  is  indicated  by  the  geometry. 

11.  Schrdefag  of  mass  sate.  Let  us  now  con¬ 
sider  some  of  the  operating  cycles  for  engines  in 
which  propellants  are  used. 


11»! .  Go.  The  pressure-time  relationship  in  a 
gun  it  shown  in  Figure  IS.  The  propellant  on 
ignition  starts  to  burn  essentially  in  a  closed  cham¬ 
ber.  When  the  pressure  has  built  up  to  a  sufficient 
level,  known  as  shot-start  pressure,  the  frictional 
and  other  forces  tending  to  hold  the  projectile  in 
place  are  overcome  and  the  projectile  starts  to 
move.  As  the  projectile  moves  the  volume  of  the 
burning  chamber  increases,  requiring  generation  of 
more  gas  to  maintain  the  pressure  level.  During 
the  early  portion  of  the  projectile  travel  the  quasi¬ 
constant  volume  of  the  burning  chamber  permits 
continued  pressure  build-up.  By  the  time  the  pro¬ 
jectile  has  traveled  only  a  few  calibers  (distance 
equal  to  the  diameter  of  the  gun  tube),  the  rate  of 
addition  of  volume  has  caught  up  with  the  rate 
of  generation  of  gas,  and  the  pressure  has  attained 
its  maximum  value,  The  remaining  portion  of  the 
propellant  is  consumed  at  decreasing  pressure, 
after  which  the  gases  expand  adiabatically  until  the 
projectile  leaves  the  muzzle.  The  entire  cycle  is 
accomplished  in  a  matter  of  milliseconds. 

The  gun  cycle  can  be  fairly  precisely  analyzed, 
but  the  analysis  is  complicated  and  requires  ma¬ 
chine  calculation.  It  is  obvious  that  the  mass  rate 
of  burning  is  very  high  and  that  the  propellant 
must  have  either  a  very  high  linear  burning  rate  or 
a  very  large  burning  surface  (Equation  30).  Be¬ 
cause  propellants  do  not  have  very  high  linear 
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Figure  14.  Degressive  Geometry 
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burning  rates,  even  at  gun  pressures,  we  are  left 
with  the  requirement  of  a  very  large  surface.  The 
geometric  problem  of  accommodating  a  charge  of 
very  It  je  surface  in  the  gun  chamber  or  cartridge 
case  is  very  much  easier  re  solve  by  breaking  up 
the  charge  into  a  number  ot  grains  than  by  keep¬ 
ing  it  in  one  piece,  and  we  find  gun  propellant 
charges  are  indeed  multiple  <*nun  charges.  In 
Europe  where  charges  are  haui  loaded,  gun  pro¬ 
pellant  charges  are  often  made  up  of  long  strips 
or  cords  approaching  the  full  length  of  the  car¬ 
tridge  case.  In  the  United  Stater  where  charges  are 
machine-loaded,  the  shorter  single-  and  multiple- 
perforated  cylinder  form  is  preferred.  Geometric 
progressivity  is  not  vital;  guru  have  been  quite 
successfully  fired  using  degressive  cord  charges. 
There  are,  however,  marginal  advantages  to  pro¬ 
gressive  or  neutral  burning  geometries  which  tend 
to  shift  the  position  of  the  peak  pressure  to  a  later 
time  and,  therefore,  to  a  larger  burning  volume 
than  when  a  cord-form  charge  i  used. 

The  practice  in  the  United  States  in  designing 
a  propellant  charge  for  a  new  gun  or  in  designing  a 
new  propellant  charge  for  an  existing  gun  is  to 
select  a  propellant  composition  on  the  basis  of  its 
force,  F.  and  flame  temperature,  T„  and  estab¬ 
lish  the  optimum  granulation  empirically.  Having 
established  a  given  lot  of  propellant  as  the  stand¬ 
ard,  additional  lots  that  are  manufactured  must 
match  the  standard  by  actual  comparison  firing  in 


PNCStUM-  Tine  RtlATlONSMi?  IN 

•UN 


TMK 

Gwn  Cyd* 

the  gun.  For  quality  control  purposes,  firing  in  the 
closed  bomb  (Figures  16  and  17)  can  yield  a  rela¬ 
tive  quickness,  RQ,  along  with  the  relative  force 
RF  (see  Paragraph  8-2).  In  this  determination 

dP 

the  bomb  is  instrumented  to  record  directly  -g- 

verms  pressure.  The  test  propellant  is  fired  in 
comparison  with  the  standard  propellant,  and  RQ 

JD 

is  determined"  as  the  ratio  of  for  the  test 

dp 

propellant  to  ^  for  the  standard  at  one  or  more 
pressure  levels. 

11-2.  Catqiah  The  function  of  the  catapult  is 
to  accelerate  a  load  attached  to  a  piston  to  a  final 
velocity  without  exceeding  a  maximum  accelera¬ 
tion.  The  ideal  catapult  should  operate  at  constant 
pressure  to  afford  constant  acceleration.  The  ideal 
travel-time  curve  for  the  catapult  is  shown  in 
Figure  18.  The  same  curve  may  be  used  to  show 
the  volume  of  the  burning  cavity  and  the  required 
progressivity  of  the  charge.  It  may  be  observed 
not  only  that  an  extremely  high  progressivity  is 
required,  but  that  the  required  progressivity  is  not 
linear.  For  personnel  catapults  there  is  an  added 
requirement  that  the  rate  of  acceleration,  i,  (jerk) 
not  exceed  a  specified  value.  This  sets  an  upper 
limit  on  the  slope  of  the  rising  portion  of  the 
pressure-time  curve.  Figure  18.  Catapult  grains 
may  be  designed  in  the  form  of  multiple-perforated 
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figure  16.  Catapult  Cydo 


cylinder*  inhibited  externally,  or  rhomboid  prion* 
burning  from  the  corner  edge*.  A  fuller  treatment 
of  the  ballistics  of  the  catapult  is  given  in  reports 
by  the  Atlantis  Research  Corporation.*1 

11-3.  Pork*!  motor.  The  design  requirements 
lor  a  rocket  motor  propellant  charge  usually 
call  for  bunting  at  a  constant  mass  rate  equal  to 
the  mass  rate  of  discharge  required  to  impart  the 
design  thrust,  and  for  the  design  duration  which 
may  be  from  tens  of  milliseconds  to  tens  of  asc¬ 
ends.  The  burning  pressure  should  at  least  approxi¬ 
mate  a  constant  level.  The  pressure  versus  time 
record  at  the  bunting  of  a  rocket  grain  usually 
resembles  Figure  19, 

11-4.  ralralartnn  nf  a  rnrhslfsrifefleat  rhasp 

A  racket  motor  is  required  to  maintain  an  average 
sea  level  thrust  of  2C00  lb  for  20  sec  at  a  design 
operating  temperature  of  70°F.  The  total  impulse, 
/,  required  is  20  x  2000  or  40000  lb-sec. 


At  this  point  in  the  *f"  a  propellant  must 
be  selected.  For  this  example,  DIO  propellant  (aee 
SP1A/M2)  which  has  the  following  characteristics 
is  y-hoten: 


=  212  Ib-sec/lb  at  1000  peia  and  optimum 
expansion 

C»  -  0.00741 


y  =  1.25 

T  =  0.27  at  1000  psia  and  70°F 
,  ~  0.0557  Ib/in* 


A  chamber  pressure  is  now  chosen  in  the  re¬ 
gion  of  plateau  bunting  of  the  propellant,  so  that 
changes  in  the  burning  surface  of  the  propellant 
win  cause  only  minimum  variations  in  pressure 
and  thrust  The  pressure  selected  is  1000  psia. 

Because  of  heat  km  to  die  rocket  motor  and 
other  inefficiencies,  a  delivered  specific  impulse 
with  optimum -expansion  of  95  percent  of  the 
theoretical  specific  impulse  is  assumed.  The  weight 
of  propellant  required  is 


J_  40,000 
7*  “  212(0.95) 


198.5  lb 


The  weight  flow  rate  is 

Br  =  ~  a=  SS  9.93  lb/sec 


At  a  chamber  pressure  of  1000  psia 

„  _  W  .  _  9.93 

At  ~  Ctf'  -  fl.WWIXIMO)  “  1A0  in 


or 


D,  -  1.34  in 
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figure  19.  *©e hot  Motor  Cycle 


The  optimum  expansion  ratio  of  ~  obtained 

from  die  Thrust  Coefficient  and  Expansion  Ratio 
Tahiti?*  it  found  to  be  8.4:1. 

Therefore 

A,  --  8.4(1.40)  =  11.75  in* 

,  D,  -  3.87  in 

The  average  propellant  surface  during  burning  it 

659  toI 

If  a  nearly  neutral  thrust  is  desired,  then  the  sur¬ 
face  during  burning  should  be  as  constant  at  pos¬ 
sible,  Si  =  S,  -  £«,.  The  propellant  burning 
distance  is  equal  to 


Continuing  with  this  design,  the  surface  area  with¬ 
out  slots  and  with  the  ends  of  the  grain  uninhibited, 

is 

5  =  2  (■=  yOD*  -  ID *)  +  *(!D){L) 

=  2(0.785X12.44*  -  1.64*)  +  3.14(1.64X29.8) 
=  393  in* 

The  surface  of  the  slots  is  therefore 

$o*.  =  659  -  393  =  266  in* 

Using  four  slots  at  90°,  5.40  in  high,  and  0.10  in 
wide,  the  slot  length  becomes 


rt,  ■  (0.27X20)  =  5.4  in 


At  this  point  some  type  of  grain  design,  such 
at  a  star-type,  slotted  cylinder,  cruciform,  rod  and 
tube,  etc.,  should  be  initially  chosen.  The  design 
requirements  can  be  met  with  a  slotted  cylinder. 

An  important  parameter  in  grain  design  is  the 
ratio  of  the  port  area  in  an  internal  burning  grain 
to  the  nozzle  throat  tuea.  For  this  illustration  the 
port-to- throat  ratio  is  set  at  the  minimum  of  1.5:1 
to  prevent  erosive  burning  of  the  grain.* 

Therefore  the  port  area 

APmim  -  1.5 A,  =  1 .5(1.40)  =  2.10  in* 

The  use  of  a  minimum  port  area  will  result  in  the 
siuslkst  possible  space  envelope  for  the  rocket 
motor.  With  a  port  diameter  of  1.64  in  and  a 
burning  distance  of  5.40  in,  the  outer  diameter  of 
the  propellant  is  12.44  in.  The  volume  of  propel¬ 
lant  required  is 


V, 


W  _  198.5 
f  "0.0557 


=  3560  in* 


The  required  grain  length  is  approximately 


L  =  (0,7i'5XTf44*^'i.64»)  "  29  8  * 


•la  meet  sophisticated  detisa  work  the  porMo-threet 
ratio  frequently  Is  choeen  ae  low  as  i:l,  accepting  erosive 
bunds*,  la  the  early  Uapee  of  buntin*  (until  the  port-to- 
throat  ratio  equals  1.5),  a  portion  of  the  propellant  will 
burn  at  a  higher  rate  titan  normal  for  the  ealeting  pree- 
■ure,  and  tits  grain  peosnetry  muet  compensate  for  thia. 
The  design  problna  boon— s  time  more  difficult,  but  by 
oo  mesas  impossible. 


Disregarding  the  void  volume  of  the  slots  for  the 
moment 

S,  =  3. 14(1 2.44)(29.8  -  6.15  -  5.4) 

=  714  in* 

Within  the  accuracy  of  the  calculations  this  design 
appears  slightly  progressive.  The  volume  of  the 
slots  is 

=  6.15(5.40)(0.1X4)  =  13.3  in* 
and  the  actual  propellant  length  is 

L  ~  29,8  +  (0.785X12.44*  -  1.64*)  =  29,9  “ 

In  an  actual  problem  the  design  should  be 
checked  for  undesirable  variations  of  burning  sur¬ 
face  by  plotting  the  calculated  burning  surface  as 
a  function  of  burning  time.  Final  verification  of 
the  design  would  be  accomplished  by  fabrication 
and  static  test  of  the  grain. 

While  it  is  comparatively  easy  to  design  a  rocket 
grain  to  fit  the  performance  requirements  of  a 
design  problem,  it  is  often  quite  another  thing  to 
fit  the  grain  into  the  required  envelope.  Where 
a  gun  charge  designer  can  select  a  propellant  com¬ 
position  and  determine  the  proper  granulation,  a 
rocket  charge  designer  is  often  forced  by  envelope 
requirements  to  start  with  a  grain  geometry  and 
develop  a  propellant  composition  to  give  the  re¬ 
quired  burning  rate.  For  this  reason  there  are 
nearly  as  many  active  rocket  propellant  composi¬ 
tions  as  there  are  rockets.  The  propellant  geom¬ 
etries  and  significant  performance  parameters  of 
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most  solid  propellant  rocket  motors  used  by  the 
United  State*  military  services  are  summarised  in 
the  SNA  Jato  Manual” 


11-5.  Gas  pasnSsr.  Gas  generators  are  re¬ 
quired  to  provide  tor  a  certain  duratkn  (a)  a  spe¬ 
cific  volumetric  flow  rate,  or  (b)  a  specific  man 
flow  rate,  or  (c)  a  specific  gas  horsepower.  In  addi¬ 
tion,  a  maximum  gas  temperature  is  usually  speci¬ 
fied,  and  the  exhaust  gases  from  the  propellant 
mnat  be  clean . 


sharps.  Assume  a  gas  generator  must  be  designed 
to  provide  20  gss  horsepower  tor  30  seconds. 
The  maximum  allowable  flame  temperature,  T„  is 
1900°K.  OGK  propellant  (see  SPIA/M2),  which 
meets  the  temperature  requirement,  has  the  fol¬ 
lowing  characteristics: 

y-  125 

Tt  s  188S°K  =  3398°R 

y  -  0.04976  moles 

r  as  0.28  in/sec  at  1000  ptia 
p  =  0.055  Ib/in* 

It  the  noTzk  exit  pressure  is  50  psia,  substituting 
in  Equation  5 

20  =  X  x  1543  X  3388  X 

•“4 -(**)“] 

W  *  0.0254  lb/scc 


Using  a  single-end  burning  grain  design 


S  = 


W 

rP 


Q.0254 

(0.28X0.055) 


=  1.65  in* 


The  propeilant  diameter  is  1.45  in.  The  propellant 
length  is 


L  =  rt,  =  (0.28  X  30)  -  8.4  in 

If  a  certain  mast  rate  of  flow  is  required,  the 
design  proceeds  as  above.  If  a  volumetric  flow 
rate  is  defined,  this  can  be  converted  to  a  mass 
flow  rate  by  using  a  variation  of  the  perfect  gas  law 

*  =  &  <S7> 


1.  I.  Comer,  Thtory  of  the  Interior  BelUtiki  of  Om iu, 
p.  101,  Iota  Wisy  *  Sosa  me.,  NSw  York,  New 
York.  1930 

2  Allegany  BaMetke  Laboratory,  George  WoUqlM 
University,  JtecJkr  Fundamentals,  ABL-SR4,  OSRD 
3992,  1944  (SNA  Abstract  No.  0J76B). 

3.  M.  Barrera,  A.  laumotte,  B.  F.  DeVwbcb  sad  1. 
Vandenkerckbove,  Rocket  Propulsion,  Elsevier  Pub- 
Hthtag  Cosnpaay,  Ina,  Near  York,  New  York.  1940. 

4.  J.  Comer,  Ioc.  eft. 

5.  C.  Cruz.  Inner*  BeBbttk  (JLehrbnch  dsr  Battb tlk, 
Bd.  2),  JoUus  Springer,  Berlin,  Germany,  1924. 

4.  F.  X-  W.  Hint,  Editor,  Internal  BoUbtlcs,  PUkaaphi- 
eed  Library,  Inc„  New  York,  N«w  York,  1951. 

7.  O.  P.  Suttee,  Bucket  Propulsion  Elements.  An  Intro- 
Auction  to  the  Engineering  of  Beckett ,  2nd  edition, 
John  Wiley  *  Sons,  Inc.,  New  York.  New  York,  1954. 

5.  K.  N.  Wimpreee,  Internet  Bettbrict  of  SoUd-Fuet 
Rockett..  Mitiuvy  Rockett  Using  Dry-Processed 
Double-Bern  Propellant  si  Putt,  McGraw-Hill  Book 
Company,  Inc.,  New  York,  New  York,  1950. 

9.  M.  Banere,  et  aL,  Ioc.  dt..  p.  9S. 

10.  Allegany  Ballistics  Laboratory,  George  Washington 
University.  Ioc.  cit.,  p.  24. 

N.  P.  D.  Roarini,  D.  D.  Wegman,  W.  K  Evans,  S.  Levine 
aad  L  Jaffa,  Selected  Values  of  Chemical  Thermo- 
dynamic  Properties,  Circular  of  the  National  Bureau 
of  Standards  500,  U.  S.  Government  Mating  Office, 
Washington.  D.  C.,  1952. 

13.  S.  L.  Levy  aad  O.  A  Reynolds.  Rocket  Propellent 
Performance  Computations  Program  for  the  IBM 
650  Computer,  Allied  Comical  Corporation.  Gen¬ 
eral  Chemical  Division,  16  May  1940,  Contract 
DA-30-049-ORD-263S. 

13.  T.  O.  Dobbins,  Thermodynamics  of  Rocket  Propul¬ 
sion  and  Theoretical  Evaluation  of  Some  Prototype 
Propellant  CompotMotu,  WADC  TK-J9-7J7  (Pwj- 
oct  3144),  Wright  Air  Development  Center,  Dayton, 
Ohio.  December  1959. 

14.  Joint  Anny-Navy-Alr  Parer  M  Hoc  Panel  oo  Per- 
formance  Calmlation  MdM;  aad  Theiraedyagtate 
Data,  Bulletin  of  the  Second  Meeting,  27-29  April 
1959,  PCMTD2.  Solid  Propallaat  information 
Agency,  Applied  Physics  Laboratory,  The  Johae 
Hopkins  University,  Silver  Spring,  Maryland,  CON¬ 
FIDENTIAL. 

15.  J.  O.  Hireehtelder  aad  J.  Sherman,  Simple  Calcula¬ 
tion  of  Thcrmochemkal  Properties  for  Use  In  Bel- 
IbUcs,  NDRC  A-101,  OSRD  935,  October  1942, 
CONFIDENTIAL  (SNA  Abstract  No.  0303A);  Ibid., 
NDRC  A-101  (addenda),  OSRD  935  (addenda) 
(OSRD-1300,  A-67M-A-70M),  Match  1943,  CON- 
F1DBNTIAL  (SPIA  Abstract  No.  0303E). 

14.  P.  de  Pauw,  ‘Die  Verbreanaagnegnae  dee  nuchlosea 
Pulvera,"  2.  get.  Schists-  n.  Sprengstofn.,  M,  10, 36, 
40(1937). 

17.  A.  O.  Dekker,  “Rapid  Eetiantiaa  of  fpedSc  Itapebe 
of  Solid  Propellants,”  let  Propulsion,  24,  572  (1954). 

15.  Allegaay  BaUetics  Laboratory,  Oeorge  Weekiimka 
Urivenity,  Ioc.  cB„  p.  274. 

19,  Allegaay  BalHetfce  Laboratory,  Oeorge  WaaMagfoa 
Uatranhy,  Ioc.  ctt„  p.  275. 


24 


20.  Allegany  MHMfa  Laboratory,  Hercules  Powder 
Company,  unpublished  data. 

21.  C  A  Oriick  and  A.  M  Jacob*,  The  ABL  Procedure 
fee  Calculation  of  the  l„  of  Propeliantt  Which  Yield 
a  Condensible  Exhaust  Product,  Ai  legacy  Ballistics 
Laboratory,  Hercules  Powder  Company,  ABL/X-34, 
March  1959,  Contract  NOrd  16640,  CONFIDEN¬ 
TIAL  (SPIA  Abstract  No,  19064). 

22  L  Comer,  lor.  ctt.,  p,  122. 

23.  Standard  Methods  end  Procedures  for  the  Determi¬ 
nation  of  Beat  of  Explosion  of  Rocket  Propellant 
Powders,  Navy  Department,  Bureau  of  Ordnance, 
NAVOKD  OD  937J,  8  June  1933  (SPIA  Abstract 
No.  13411) 

24.  Army  Service  Pones,  Proof  Directive  12,  3rd  revi¬ 
sion,  12  February  1946. 

25.  Joint  Army-Navy-Air  Force  Solid  PropeDant  Socket 
Static  Tost  Panel.  Description  of  Static  Ten  Facilities 
at  Participating  Organisations,  CONFIDENTIAL, 
Solid  Propellant  Information  Agency ,  Applied  Physics 
Laboratory,  The  Johns  Hopkins  University,  Silver 
Spring,  Maryland. 

26.  F.  A.  Warren,  E.  L,  Anderson  and  P.  M.  Ku,  Evalu¬ 
ation  of  Solid  Propellant  Properties.  Part  I — A  Survey 
of  Current  Methods,  Southwest  Research  Institute, 
Report  RS  2*7,  31  January  1959,  CONFIDENTIAL 
(SPIA  Abstract  No.  19191). 

27.  F.  J.  Malina,  "Characteristics  ol  the  Rocket  Motor 
Unit  Baaed  on  the  Theory  of  I’crfcct  Oases,"  /.  Frank- 
lln  Inst..  236, 433  (1940). 

21.  H.  S.  Seifert  end  J.  Crum,  Thrust  Coefficient  and  Ex¬ 
pansion  Ratio  Tablet,  Ramo  Wooldridge  Corpora¬ 
tion,  Guided  Missile  Research  Division,  29  February 
1956  (SPIA  Abstract  No.  17368). 

29.  H.  Moraour,  “Sur  les  lots  de  combustion  dcs  poudres 
coUoIdalea.  3*  note,"  Bull.  toe.  chlm.  France,  41, 
1451  (1927);  ibid.,  "Sur  let  lois  de  combustion  dcs 
poudres  colloldale*.  4*  note,”  Butt.  toe.  chlm.  France, 
47,  261  (1930);  ibid.,  "Sur  use  thforie  de  la  cou- 
bustios.  ca  vase  doe,  dcs  poudres  cottddaW,"  Compt. 
rend.,  192,  227  (1931);  H.  Muraour  and  W.  Schu¬ 
macher,  "La  vitesse  de  combustion  de*  poudres  eoi- 
toUales  son  la  pressloo  atmospMrique,”  Mim. 
poudres,  27,  87  (1937).  (Summarized  in  J.  Center, 
Joe.  tit.,  pp.  43-3.) 

30.  B.  L.  Crawford,  Jr.,  C.  Hnggett  and  J.  J.  McBrady, 
“The  Mechanism  of  the  Burning  of  Double-Bate  Pro- 
pellsnt*."  J.  Phyr,  Chem.,  (4, 854  (1930). 

31.  Piobert,  Trait t  rfAriUUrte,  1839  as  cited  in  J.  Taylor, 

Solid  Propellent  and  Exothermic  Compositions,  p.  56, 
latersctonce  Publishers,  Inc.,  New  York,  Now  York, 
1939.  | 

32.  J.  Taylor,  Solid  Propellent  and  Exothermic  Composi¬ 
tions.  p.  56,  loteraclsace  Publishers,  Inc.,  New  York, 
New  York,  1959.  T 

33.  M.  Sununerfteld,  Bitting  Mechanism  of  Ammonium 
Perchlorate  Propellants.  Part  II.  Thtory  of  Burning 
of  a  Composite  Solid  Propellant,  paper  presented  at 
American  Rocket J  Society  13th  Annual  Matting, 
17-21  Novainbar  195*,  New  York,  New  York, 

34.  J.  Corner,  lot.  tit.,  p.  71. 

I 

f 

/ 


33.  W.  H.  Avery,  R.  E.  Hunt  and  M.  N.  Dooia,  Burning- 
Bate  Studies  of  Double-Base  Powder,  ADsgnuy  Bal¬ 
listics  Laboratory,  Ooorgs  Washington  University, 
ABL/P-i,  OSRD  5127,  January  1946,  CONFIDEN¬ 
TIAL  (SPIA  Abstract  No.  0514);  S.  Zmachinski  and 
R,  F.  Preckel,  Strand-Rate  Ballistic  Studies  of  Pla¬ 
teau-Type  Propellants,  Hercules  Powder  Compact', 
ABL/P-13,  December  1948,  Contract  NOtd  9709, 
CONFIDENTIAL. 

36.  Allegany  Ballistics  Laboratory,  George  Washington 
University,  loc.  tit.,  p.  45. 

37.  J.  H.  Godsey  and  R.  F.  Preckel,  Strand  Rate  Ballistic 
Studies  of  Plateau-Type  Propellants.  Pari  IV.  Char¬ 
acteristics  of  Various  Ballistic  Modifiers,  Allegany 
Ballistics  Laboratory,  Hercules  Powder  Company, 
ABL/ P-25,  April  1955,  Contract  NOrd  10431,  CON¬ 
FIDENTIAL  (SPIA  Abstract  No.  15409). 

38.  J.  Corner,  Joe.  ctt.,  p.  73. 

39.  F.  T.  McClure,  R.  W.  Han  and  J.  F.  Bird,  Solid 
Propellant  Rocket  Motors  as  Acoustic  Oscillators, 
Applied  Physics  Laboratory,  The  Johns  Hopkins  Uni¬ 
versity,  Report  TO  335-3,  3  October  1959,  Contract 
NOrd  7386. 

40.  J.  Corner,  "The  Effect  of  Turbulence  on  Heterogene¬ 
ous  Reaction  Rates,"  Trans.  Faraday  Soc.,  43,  635 
(1947).  (Summarized  in  J.  Corner,  Theory  of  the  In¬ 
terior  Ballistics  of  Guns,  p.  74,  John  Wiley  A  .Sons, 
Inc.,  New  York.  New  York,  1950.) 

41.  Rohm  A  Haas  Company,  Redstone  Arsenal  Research 
Division,  Quarterly  Progress  Report  on  Interior  Bal¬ 
listics,  Report  No.  P-J4-9,  15  April-13  July.  1954, 
Contract  W-01  -02 1  -ORD-334,  CONFIDENTIAL 
(SPIA  Abstract  No.  14391);  G.  RobOiard  and  J.  M. 
Lenoir,  The  Development  of  a  New  Erosive  Burning 
Law,  Jet  Propulsion  Laboratory,  California  Institute 
of  Technology,  Bulletin  of  the  Thirteenth  Meeting  of 
the  Joint  Anny-Navy-Air  Force  Solid  Propellant 
Group,  VoL  »,  p.  441,  CONFIDENTIAL,  Solid  Pro¬ 
pellant  Information  Agency,  Apf  'led  Physics  Labora¬ 
tory.  The  Johns  Hopkins  Univ.  iky  Silver  Spring. 
Maryland. 

42.  A.  L.  Antonio,  Development  of  Internal-Burning  Solid 
Propellant  Rockets.  Aerojet -General  Corporation, 
Aerojet  Report  L3032/35-2,  16  November  1950, 
CONFIDENTIAL  (SPIA  Abstract  No.  10731). 

43.  R.  P.  Smith  and  D.  F.  Spreegsr,  Development  of 
Internal-Burning  Solid-Propellant  Rockett.  Funda¬ 
mental  Studies  of  Unstable  Burning  of  Atrophx  Pro- 
pettants,  Asrojet-Oeners)  Corporation,  Aarojst  Report 
606  (Final),  4  June  1932,  CONFIDENTIAL  (SPIA 
Abstract  No.  12189). 

44.  G.  E.  Mike,  Investigation  of  Unstable  Resonance 
Burning,  Allegany  Ballistics  Laboratory,  Hercules 
Powder  Company,  ABL/MPR  46  (p.  7  of  Monthly 
Progress  Report  46),  I  August  1953,  Contract  NOrd 
10431,  CONFIDENTIAL  (SPIA  Abstract  No.  13332). 

43.  R.  L.  Lou  sod  R.  C.  Kriger,  Effect  of  Chemical  Addi¬ 
tives  on  Unstable  Burning,  A*rojet -General  Corpora¬ 
tion,  Aerojet  Report  L2 791-1*,  -19  (16  October-13 
December  1937),  10  January  1957,  Contract  NOrd 
16179,  CONFIDENTIAL  (SPIA  Abstract  No. 
11,003). 

25 


/ 

/ 


46.  V.  PMSpckak,  Doable-Bat*  Com  Propellent,  A  wn- 
aw*  of  Fire  mi  Expioeiom  Baaed  Patriot  Mmmftt- 
Mu,  Natal  Proving  Groood,  Report  IM,  11  Aaiat 
1931,  CONFIDENTIAL  (SNA  AMnet  No.  11162V 

47.  Rohm  A  Htu  Company,  Anaaal  Reeaarrh 

Divides,  Qmrierty  frafna  Report  cm  Interior  Bob 
Hetkt  (April  IS,  19S6  to  lu b  IS.  S9Sti,  Report  No. 
P-36-14,  10  Auguet  1936,  Ooatn a  W41-021-OKD 
334,  CONFIDENTIAL  (SNA  Abtutct  No.  16432); 
Ibid,  1.  R.  Hyndman,  W.  W.  Brandoa.  H.  M.  Sbuey. 
DefMttmtiomDetomoikm  Satditt  of  Sabi  fttfrfwft 
Mfette  of  the  Twelfth  Mnatkg  of  tha  Mot  A my 
Navy-Air  Force  Solid  ProptUant  Orocp.  VoL  ILp.Pt, 
CONFIDENTIAL,  Solid  PrapoikuM  jafatmatka 
Aaeacy,  Applied  Phyeke  Laboratory,  The  Iota*  Hop- 
Um  Uaharaity ,  Saver  Sjpriag,  Maryiaad. 

46.  A.  Macek,  "TraaaMoa  from  Daltmatioe  to  Delooa- 
don  ia  Qm  Eajdoatvea,”  /.  Cheat.  Pkye-,  3L  162 
(1939V 

49.  S.  1.  Jacob*,  **Reccac  Advaacoa  ia  On  adorned  Mafia 
OoeomwJca*."  AKSJemmol,  M,  131  (1960V 


5ft  L.  a  Smith.  Jr-  C  S.  ^na  aad  T.  Wakh,  Bob 
Ft*  Tori  Method*— Cloud  Bomb  Teel  Varieties.  A 
Meriew  of  Proof  Dinette*  12,  ltd  Peridot t,  Febnt- 
ory  12,  1946,  Soaflower  Ordaaaoe  Work*,  Harcalaa 
Powder  Company,  •  July  1939. 

31.  M,  L  Bin,  J.  HuB,  0.  Wake  aad  A.  C.  Scailodk, 
A  Stmdy  of  Propellant  Chart*  Rottd rememte  for  the 
C-10  Cetapmh,  Atkmtk  Reteareh  Corporatina.  No- 
vaatbar  1932,  Coatract  NOrd  10721.  CONFIDEN¬ 
TIAL  (SNA  AMraet  No.  13*37);  M.  L.  Rica,  T. 
IM)  aad  A  C.  Scoriock,  4  Comperitom  of  Steam 
aad  Ponder  Coteat dm.  Inly  1934,  Coatract  NOrd 
10721,  COM  L'RN  1AL  (SPIA  Abatract  No. 
14,403V 

51  Sato  MemaoL  Vo home  1.  torip  Experimental  Ido 
Umlte,  Solid  Propallaat  lafonaatioa  Ageacy, 
SPtA/M  1.  CONFIDENTIAL;  Packet  Motor  MmmaL 
Vohteee  11  (of  leao  Meemdf.  Unite  of  Cnrrtnt  Inter- 
ett.  SPIA/M1,  CONFIDENTIAL,  Solid  PnapeBaat 
IadonaatkaARency,  Applied  Phyeke  Laboratory,  Tka 


aurai  9 

PHYSICAL  PROPS  it  TIES  REQUIREMENTS 


12.  Cannl  Just  as  propellants  have  different 
ballistic  requirements  depending  on  the  uses  to 
which  they  are  put,  the  physical  properties  re¬ 
quirements  of  propellants  will  be  different  depend¬ 
ing  on  use. 

13.  Deadly.  Since  in  a  solid  propellant  heat 
engine  the  propellant  is  always  contained  within 
the  engine,  die  propellant  must  have  a  density  high 
enough  thin  die  charge  can  be  so  contained.  Two 
factors  enter  into  the  determination  that  the  charge 
win  fit  into  the  chamber  the  density  of  the  pro¬ 
pellant  itself,  and  the  volume  trie  efficiency  of  the 
charge  geometry  or  the  fraction  of  the  propellant 
envelope  occupied  by  propellant. 

The  density  of  a  propellant  is  calculated  .from 
the  densities  off  its  ingredients,  assuming  ao  volume 
change  c  i  a  result  of  mixing. 

<“> 

In  the  case  of  a  propellant  undergoing  chemical 
reaction  during  the  mixing  operation,  as  is  the  caw 
at  many  fuel  Under  composites,  the  ingredients 
include  the  reaction  products  (eg.,  polymers)  and 
not  the  reagents  actually  charged  (monomer).  In 
the  case  of  a  propellant  manufactured  with  in¬ 
clusion  of  a  volatile  solvent  later  substantially 
removed,  that  portion  (residual  solvent)  of  the 
solvent  remaining  in  the  finished  propellant  must 
be  considered  an  iegredient. 

Density  can  be  measured  with  a  mercury  dis¬ 
placement  volumeter1  or  with  a  pycnometer*  or, 
more  roughly,  from  the  weight  and  dimension* 
of  the  grain.  Comparison  of  the  measured  density 
with  die  calculated  value  gives  a  measure  of  poros¬ 
ity,  cracks,  and  fissures  in  the  propellant.  Micro¬ 
scopic  individual  pores,  as  around  crystals  in 
composite  structures,  have  no  apparent  effect  on 
the  burning  of  the  propellant,  but  cracks  and  fis¬ 
sures  constitute  undesirable  burning  surface  that 
cause  excess  pressure  and  interfere  with  the  kh«'- 
uled  mau  burning  rate,  and  interconnected  gem., 
porosity  can  lead  to  detonation.  In  monopropei- 
laats  measured  density  is  usually  very  clow  to 
calculated  density.  In  composites  a  difference  of 
mote  than  2  percent  indicates  trouble. 


14.  Gcavh—tHc  faulty.  Gravimetric  density  ik 
measured  on  bulk  gun  propellants  as  the  weight 
of  propellant  required  to  fill  a  specified  con¬ 
tainer  when  charged  at  a  specific  rate  from  a 
hopper  at  a  specified  height*  (The  density  at  pro¬ 
pellant  as  loaded  into  cartridge  cases  can  also  be 
determined.4) 

This  datum  is  influenced  not  only  by  density 
and  dimensions  but  by  the  smoothness  of  the  sur¬ 
face  and  the  presence  or  absence  of  tailings  from 
the  cutting  operation.  It  is  used  as  an  indication 
that  the  required  charge  weight  can  be  contained 
in  the  cartridge  caw. 

15.  Hygnacopfcity.  Most  propellants  contain 
constituents  that  are  hygroscopic  and  this  property 
is  passed  along  in  acme  degree  to  the  propellants. 
The  mechanism  of  sorption  and  desorption  of 
hygroscopic  moisture  probably  involves  a  rapid 
attainment  of  the  equilibrium,  dependent  on  rela¬ 
tive  humidity,  at  the  surface  of  the  grain,  fallowed 
by  slow  diffusion  within  the  gram.  The  effect  of 
hygroscopic  moisture  is  the  same  as  if  the  formula 
contained  the  same  fraction  o  f  water. 

Hygroscopic! ty  of  propellants  for  cannon  is  de¬ 
fined  as  the  equilibrium  moisture  content  at  90 
percent  relative  humidity  and  30°C  temperature. 
For  small  arms  propellants  hygroscopicity  is  de¬ 
fined  as  the  difference  between  the  equilibrium 
moisture  contents  at  90  percent  relative  humidity, 
30°C  temperature  and  at  20  percent  relative  hu¬ 
midity,  30°C  temperature.  The  procedure  for  small 
arms  propellants'  involves  successive  exposure  of 
the  same  sample  to  controlled  humidity  atmos¬ 
pheres,  whereas  (or  cannon  propellants*  a  single 
exposure  and  a  chemical  analysis  for  moisture  are 
required. 

Hygroscopicity  of  propellant  charges  loaded  in 
engines  has  been  controlled  by  hermetic  sealing 
of  the  engine  or  its  shipping  and  storage  container, 
or  by  loading  a  desiccant  either  into  the  engine  or 
the  shipping  container.  Hygroscopicity  of  indi¬ 
vidual  grains  has  been  minimized  by  formulating 
to  a  minimum  content  of  hygroscopic  material  and 
in  the  caw  of  coated  grains  by  building  a  layer  of 
material  of  low  permeability  into  the  surface  of  the 
grain. 


27 


i.(.  CuMdol  sd  Ikuul  itywriH  At  the 
level  of  about  10~4  per  degree  C,  the  thermal  ex- 
pnmshm  coefficient  is  a t  Kttle  moment  to  multiple- 
grain  charge*.  Fur  single-grain  chargee  locded  into 
chambers  at  small  clearances,  can  must  be  taken 
to  verify  that  the  clearances  between  grain  and 
wail  do  not  disappear  in  the  upper  range  of  stor¬ 
age  or  firing  temperatures  because  of  the  different 
enpanskm  coefficients  of  propellant  and  chamber 
material.  In  this  event  the  chamber  wall  would 
exert  stress  an  the  grain  causing  it  to  deform  or 
even  fracture.  If  the  grain  is  enclosed  in  a  rigid 
inhibitor,  the  coefficients  of  the  grain  and  inhibitor 
should  man*  as  closely  as  possible  for  the  same 
reason.  If  the  grain  is  to  be  case-bonded  to  the 
chamber,  it  is  not  ordinarily  feasible  to  match 
the  expansion  coefficients  and  the  grain  must  be 
fcrmulatrd  to  accept  the  stresses  due  to  differen¬ 
tial  expansion. 

17.  Thamnd  i  — dwtliWj  Propellants  are  in 
general  very  poor  conductors  of  heat  This  prop¬ 
erty  is  a  useful  out  for  balUstic  design,  as  it  can 
be  safely  assumed  that  the  unburned  portion  of  a 
grain  will  remain  at  its  initial  temperature  through¬ 
out  the  combustion  process.  On  die  ether  hand, 
in  a  large  grain  the  time  required  to  bring  the 
propellant  to  a  uniform  temperature  following  a 
change  of  environment  may  be  several  hours  or 
even  days  depending  on  temperature  differential, 
air  circulation,  and  grant  au.  If  the  grain  is  fired 
wbOe  h  contains  a  temperature  gradient,  the  rate 
of  gas  production  wifi  reflect  the  temperature  gra- 
tfient  Thermal  shcck  from  too  rapid  change  from 
very  cold  to  very  warm  or  vice  versa  may  lead  to 
cracking  of  die  grain.  The  interior  of  grains  stoned 
in  munitions  in  hot  climates  fs8x  by  a  wide  margin 
to  attain  dm  maximum  diurnal  temperatures.' 

IS.  Mechanical  pwpnfiw.  Tbs  mechanical 
properties  of  propellants  must  be  such  as  to  enable 
them  to  withstand  the  mccftanical  loads  Imposed 
during  shipping,  handling,  and  firing.  These  re¬ 
quirements  diSfar  widely  from  one  engine  to  an¬ 
other.  Methods  for  meawnhg  physical  strength 
and  deformation  are  reviewed  by  tbs  JANAF 
Pand  on  Physical  Properties  of  Solid  Propellants 
and  reported  in  the  publications  of  that  panel. 
Numerical  vetoes  below  an  as  metro  rd  by  stand¬ 
ard  JANAF  taste.'  Results  in  such  tsstt  are  strong 
fractions  of  the  rates  of  loading,  propellants  gen¬ 
erally  appearing  stronger  with  higher  rates  of  tend¬ 


ing.  The  rates  of  loading  in  actual  rocket  motors 
vary  from  low  rates  during  storage  due  to  tem¬ 
perature  changes  to  very  high  rates  during  firing. 
JANAF  mechanical  properties  test  data  are  sig¬ 
nificant  to  the  fTrtrait  tin*  they  compere  propellants 
under  test  cf|ndifkffit  and  imply  dun  the  same  com- 
pari  son  will  be  valid  under  operating  conditions. 

1S-1.  Ultimata  tamOe  straegffi.  Tensile  strength 
is  important  for  rocket  grains  supported  at  the 
head  end  during  acceleration.  For  other  applica¬ 
tions  it  is  of  academic  interest,  or  perhaps  useful 
as  a  quality  control  measure  to  asms  that  succes¬ 
sive  lots  of  a  given  propellant  resemble  each  other. 
Tensile  strength  ranges  from  about  10,000  pounds 
per  square  inch  for  straight  polymer  mooopropd- 
lants  to  below  50  pounds  per  square  inch  for  some 
case-bonded  propellants. 

1M.  Eloagatfon  la  tension.  Case-bonded 
grains  must  deform  to  accommodate  changes  in 
dimensions  of  their  containing  cases  with  changes 
in  temperature.  Although  requirement*  very  from 
rocket  motor  to  racket  motor,  a  minimum  of  IS 
percent  elongation  at  rupture  at  the  lowest  storage 
or  operating  temperature  is  a  typical  requirement 
for  a  case-bonded  propellant  in  a  large  rocket. 
Many  such  propellants  have  reported  values  of 
SO  to  100  percent  elongation  at  normal  ambient 
temperature. 

lfl-3.  MiMh  in  tswiMi  A  low  value  of  modu¬ 
lus  is  required  of  case-bonded  grains  >n  order  to 
avoid  distortion  of  the  case  or  rupture  of  the 
adhesive  bond  when  the  motor  is  cooled.  Atypical 
value  for  modulus  of  a  case-bonded  propellant  is 
300  to  600  pounds  per  square  inch  per  inch  pet 
inch,  cr  dimensionally  pounds  per  square  inch. 

Ultimate  tensile  strength,  elongation,  and  modu¬ 
lus  ate  all  determined  in  the  same  test*  A  test 
iaotaPaticn  is  shown  in  Figure  20  and  a  test  record 
indicating  tbs  derivation  of  data  in  Figure  21. 

1S-4.  Stress  nhrtbn.  It.  is  advantageous  in  a 
caw-bonded  propellant  for  the  stresses  produced 
by  distortion  to  be  relaxed  as  the  grain  become? 
accommodated  to  its  new  environment  so  that 
residual  stresses  will  not  lead  to  cracking  in  areas 
of  strew  concentration.  The  property  of  relaxation 
under  tension  may  be  measured  by  measuring  the 
stress  at  fixed  elongation  as  a  function  of 

time.' 
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Figaro  21.  Tonsil*  Tut  Record  Showing  Daffy  of  ion  of  Ultimata  Strength,  Elongation,  and  Modulus 

(Road  curve  from  right  to  loft) 
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18-3.  Creep.  A  lower  limit  on  tensile  modulus 
of  case-bonded  propellants  is  set  by  the  require¬ 
ment  that  under  its  own  weight  the  propellant  not 
deform  so  os  to  decrease  port  areas  or  substan¬ 
tially  change  shape  and  dimensions.  Whether  such 
deformation  is  elastic  due  to  too  low  modulus  or 
inelastic  due  to  cold  how  it  is  known  as  creep. 
Creep  has  been  responsible  also  for  departures 
from  design  ballistics  of  cartridge-loaded  rocket 
pains.  The  best  criterion  for  assessing  the  tend¬ 
ency  to  creep  still  appears  to  be  experience. 

18-tf.  Compressive  strength.  Cartridge-type 
rocket  grains  supported  on  traps  or  otherwise  at 
the  nozzle  end  are  subjected  to  compressive  stresses 
during  firing.  The  magnitude  of  such  stresses  and, 
therefore,  the  compressive  strength  to  withstand 
them  can  be  computed  for  any  instance  from  the 
designed  acceleration  of  the  rocket.  Compressive 
strengths  of  propellants  are  usually  of  the  same 
order  of  magnitude  as  ultimate  tensile  strength, 
and  for  design  purposes  the  tensile  strength  of  the 
propellant  is  frequently  used  with  suitable  safety 
factors.  Compressive  strength  can  be  readily  meas¬ 
ured  on  equipment  shown  in  Figure  20. 

18-7.  Deformation  at  rapture  in  compression. 

The  most  severe  stresses  on  a  gun  propellant  occur 
during  ignition  when  the  grains  impact  on  the 
cartridge  case  or  chamber  wall  and  on  the  base 
of  the  projectile  as  a  result  of  having  been  accel¬ 
erated  by  the  igniter  gases.  If  the  grains  shatter  in 
such  impact,  the  added  burning  surface  leads  to 
excess  pressures  in  the  gun.  Redesign  of  the  igniter 
is  the  usual  remedy,  but  the  propellant  is  required 
not  to  be  brittle.  The  test  specified  for  brittleness 
is  deformation  in  compression  at  rupture.  Unless 
otherwise  specified  the  required  minimum  value  is 
30  percent." 

18-8.  Modulus  hi  compressfou.  For  cartridge- 
loaded  rocket  grains  the  deformation  due  to  com¬ 
pression  during  acceleration  must  not  be  great 
enough  to  cause  significant  departures  from  design 
geometry.  This  fixes  a  lower  limit  on  the  permis¬ 
sible  value  of  compressive  modulus.  The  value  of 
this  limit  has  not  been  precisely  evaluated  as  high 
values  ci  compressive  modulus  usually  accompany 
the  required  compressive  strength. 

18*9.  Shear  properties.  Case-bonded  grains  are 
stressed  in  shear  during  acceleration.  The  weight 
of  the  propellant  must  be  supported  by  the  shear 


strength  at  the  bond  between  the  propellant  and 
the  case.  Per  unit  cf  propellant  lengt- ,  neglect¬ 
ing  the  perforation,  the  weight  of  the  propellant 
under  acceleration  and  therefore  the  total  shear 

force  is  — where  d  is  the  grain  diameter  in 

inches,  p  the  propellant  density  in  pounds  per 
cubic  inch,  and  a  is  the  acceleration  in  g’s.  The 
total  shear  force  is  applied  over  an  area  of  nd. 
The  required  minimum  shear  strength,  in  pounds 
per  square  inch,  is 

ird^pa  _  dpa 
4ird  ~  4 

Procedures  for  measuring  shear  have  been  re¬ 
ported." 

18-10.  Brittle  temperature.  For  many  plastics 
the  second-order  transition  temperature"  sig¬ 
nals  the  onset  of  brittleness.  This  appears  to  be 
the  case  with  case-  bonded  propellants.  It  has  not 
been  established  that  the  same  significance  of  the 
second-order  transition  temperature  holds  for  car¬ 
tridge-loaded  propellants  which  perform  well  at 
temperatures  considerably  below  that  of  a  second- 
order  transition. 

The  second-order  transition  temperature  may 
be  measured"  by  noting  a  break  in  the  curve  of 
specific  volume  versus  temperature  or  an  abrupt 
decrease  in  mechanical  properties  such  as  impact 
strength  at  that  temperature. 
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CHAPTSt  4 


BLACK  POWDKR 


If.  CwwL  Black  powder  is  our  oldest  pro¬ 
pellant.  It  is  older  than  any  of  the  heat  engines 
(guns,  rockets)  in  which  propellants  are  used,  and 
has  been  used  at  a  pyrotechnic  and  a*  a  bursting 
charge  (or  centuries.  It  is  an  intimate  mixture  of 
saltpeter,  charcoal,  and  sulfur.  There  are  two  types 
of  Mack  powder,  one  made  with  potassium  nitrate 
and  the  other  with  sodium  nitrate. 

The  potassium  nitrate  type  is  the  older,  and  for 
ordnance  uses  is  still  the  more  commonly  used. 
In  o.dnance  circles  black  powder  it  the  potas¬ 
sium  nitrate  type  unless  otherwise  designated.  The 
name  Mack  powder  is  a  translation  of  the  German 
“Schwarzpulver,”  named  after  Berthoki.  Schwarz 
who  experimented  with  it  in  the  fourteenth  cen¬ 
tury.1  In  the  English  language  the  material  was 
known  as  “gunpowder”  until  the  use  of  smokeless 
powder  in  guns  made  it  necessary  to  differentiate 
between  the  black  and  th  smokeless  varieties  of 
gun  propellant.  Gunpw  J: .  ...eluded  Musket  Pow¬ 
der  and  Cannon  Powder,  later  Rifle  Powder  and 
Sporting  Gunpowder.  When  used  for  blasting,  gun¬ 
powder  was  called  Blasting  Powder.  The  present 
United  States  terminology  is  “A"  Blasting  Powder.' 

The  sodium  nitrate  type  of  blade  powder  was 
developed  in  the  United  States  in  the  middle  of  the 
nineteenth  century*  an<.  is  known  commercially  as 
“B”  Blasting  Powder.  When  used  for  ordnauce  it 
is  called  sodium  nitrate  black  powder. 

20.  Appearance.  The  appearance  of  black  pow¬ 
der  is  shown  in  Figure  22.  The  grains  are  irregu¬ 
larly  shaped  solids,  resulting  from  the  fracture 
of  larger  pieces  on  the  rolls  of  the  corning  mill,  of 
roughly  uniform  size  as  a  result  of  screening.  Black 
powder  may  alternatively  be  pelleted  into  grains 
of  uniform  tiize  and  shape, 

21.  CmopoaMoo.  The  nominal  composition  of 
black  powder  as  available  in  the  United  States  is 
shown  in  Tabic  3.  The  same  compositions  are 
used  for  both  military  and  commercial  grades. 
Selection  of  the  charcoal  has  an  important  bearing 
on  the  quality  and  performance  of  Mack  powder. 
The  charcoal  is  not  pure  carbon,  but  contains  13 
to  20  percent  volatile  matter  and  2  to  3  percent 
moisture. 


22.  GfiMMlattNL  The  standard  granulations  at 
potassium  nitrate  and  sodium  nitrate  powders  are 
shown  in  Tables  4  and  5,  respectively. ... 

23.  Thermochemistry.  Lacking  knowledge  of 
the  nature  of  the  volatile  matter  in  the  charcoal, 
and  considering  that  manufacturing  tolerances  per¬ 
mit  1  percent  variation  in  the  fraction  of  each 

TABLE  3.  NOMINAL  COMPOSITIONS  OF 
BLACK  POWDER  AVAILABLE  IN 
THE  UNITED  STATES 


KNO.  type  «  NtNO,  type  • 


KNO,,  % 

74.0 

_ 

NsNO„ % 

— 

72.0  «  2 

Sulfur,  % 

10.4 

12.0  *  2 

Charcoal,  % 

1J.6 

1«.0  «.  2 

Ash,  RMxitmitfi,  % 

0.80 

1.5 

Moisture,  maximum,  % 

0.S0 

0.70 

Specific  gravity 

J, 72-1.77 

1.74-1.82 

ingredient,  it  is  practically  impossible  to  calculate 
the  gas  composition  or  volume  of  black  powder. 
A  rough  approximation  may  be  got  by  assum¬ 
ing  that  the  volatile  matter  is  largely  carbon,  that 
the  potassium  appears  in  the  product  as  K2COs,  the 
nitreges  as  the  carbon  as  CO  +  CO*.  and 
that  the  sulfur  and  such  hydrogen  as  is  in  the  vola¬ 
tile  matter  do  not  make  an  important  contribution 
to  the  gas  volume  .  Under  these  assumptions  the  gas 
volume  would  be  given  by  [C]  +  W[NJ  -  !4[K]. 
Since  the  [NJ  and  fK]  are  present  in  equal  num¬ 
bers,  the  gas  volume  of  black  powder  is  deter¬ 
mined  roughly  by  the  (ration  of  charcoal  in  the 
formula,  In  the  United  States  grade  of  potassium 
nitrate  type  of  black  powder,  one  gram  contains 
0.0130  gram  atoms  of  carbon  which  when  burned 
should  give  0.0130  moles  or  290  cc  (STP)  of  gas. 
An  experimental  value  of  the  gas  volume  from 
three  samples  of  British  Mack  powder  recently 
examined  in  the  Imperial  Cnemical  Industries 
laboratories  has  been  reported  at  280  cc  (STP).' 
The  same  author  reports  a  beat  of  explosion,  Q, 
at  720  cal/g  and  a  ’culated  flame  temperature. 
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TABLE  4.  GRANULATIONS  OF  POTASSIUM  NITRATE  BLACK  POWDERS 


Sieve  size 

Retained 

(maximum  percent) 

Sieve  size 

Through 

(maximum  Bacm) 

Military  grade  ‘ 

A-l 

•  4 

3.0 

S 

S.0 

A-2 

4 

3.0 

12 

3.0 

Cannon 

6 

3.0 

12 

3.0 

A- 3 

12 

3.0 

16 

3.0 

A-3* 

12 

3.0 

20 

3.0 

Musket 

14 

3.0 

23 

3.0 

FFG 

16 

3.0 

30 

3.0 

A*4 

16 

3.0 

40 

3.0 

SMI 

16 

3.0 

30 

3.0 

FFFG 

20 

3.0 

30 

3.0 

A-J,  Fuse 

40 

3.0 

100 

5.0 

FFFFO 

43 

3.0 

140 

3.0 

A-6 

100 

J.0 

140 

15.0 

A-7 

100 

3.0 

140 

30.0 

Msal 

100 

3.0 

200 

30.0 

Sfbero- hexagonal;  12* 

»  2  grains  per  pound,  0.6-uxh  grain  diameter 

Commercial  grade  ' 

Spotting 

Whaling 

32/64* 

3 

4 

12 

Life  Saving  Service 

6 

3 

12 

12 

Cannon 

0 

3 

* 

12 

Saluting 

10 

3 

20 

12 

n 

12 

3 

16 

12 

FFg 

16 

3 

30 

12 

FFFg 

20 

3 

30 

12 

FFFFg 

40 

3 

100 

12 

"A”  Blasting 

FA 

20/64* 

3 

3 

12 

2FA 

4 

3 

12 

12 

3FA 

10 

3 

16 

12 

4FA 

12 

3 

20 

12 

3FA 

20 

3 

30 

12 

6FA 

30 

3 

30 

12 

7FA 

40 

3 

100 

12 

Msal  D 

40 

3 

— 

— 

Meal  F 

100 

3 

— 

— 

Msal  XF 

140 

3 

— 

— 

♦  Dimmer  "*  circular  perforation*  is  plat*, 
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TABLE  5.  GRANULATIONS  OF  SODIUM  NITRATE  BLACK  POWDERS 


Stowsb*  (i 

Bubmmpnesot) 

c -fi* 

Mfltauy  Grads* 

JANC 

9/14  fact* 

0 

j/Olacfa 

0 

IAMB 

4 

3 

16 

3 

JANA 

12 

3 

40 

9 

O— unjslOrafls » 

ccc 

40/64* 

7.J 

32/64* 

7J 

cc 

34/64 

IS 

24/64 

IS 

c 

27/64 

IS 

11/64 

IS 

V 

20/64 

IS 

3 

7 S 

rr 

4 

7  S 

6 

7 S 

FFF 

6 

IS 

16 

IS 

WOT 

12 

7  S 

40 

'  IS 

MsalBB 

16 

7 S 

— 

— 

MtslBP 

40 

IS 

— 

— 

*S4Bip*tar  af  circular  perforation*  k  j>U\*. 


T„  of  280C°C.  Products  identified  in  the  com¬ 
bustion  products  include  mainly  KsCO«,  K^304f 
KjSjj,  COa,  Nj,  some  H„  H,S,  CH4,  NH.,  IIaO, 
XCNS,  and  lame  nnreacted  KNO»,  C,  and  S.’ 
As  the  fraction  of  charcoal  increases  and  die  frac¬ 
tion  of  saltpeter  decreases,  the  gas  volume  should 
increase  and  T,  should  decrease.  The  tone,  F, 
calculated  from  the  Imperial  Chemical  Industries 
data,  is  110,000  ft-Ib/lb. 

The  initial  condensed  phase  reaction  in  the 
burning  of  black  powder  has  been  identified  as 
the  reaction  of  molten  sulfur  with  occluded  hydro¬ 
gen*  w  oxy  hydrocarbons  in  the  charcoal,' or  with 
the  potassium  nitrate.'  A  sulfurless  grade  of  black 
powder  is  manufactured  in  Great  Britain.  This  has 
a  considerably  higher  ignition  temperature  than 
normal  Mack  powder  became  molten  saltpeter  is 
required  to  initiate  its  combustion.1* 

The  concept  of  linear  burning  rate  as  presented 
in  Paragraph  9  has  little  significance  when  applied 
to  the  irregular  shapes  of  black  powder.  The  tenu 
linear  burning  iste,  when  speaking  of  Mack  pow¬ 
der,  is  applied  to  the  rate  of  propagation  along  a 
column  of  the  granular  material,  i-t.,  a  hue. 

24.  Hyyeecogfcfty.  The  hygroscopic  nature  of 
Mack  powder  has  long  been  known  and  k  recog¬ 


nized  in  the  familiar  slogan  “Keep  your  powder 
dry.”  This  hygroscopidty  is  primarily  due  to  the 
saltpeter.  It  may  be  explained  oo  the  basis  of 
moisture  pickup  at  any  time  that  the  atmospheric 
humidity  exceeds  the  partial  pressure  of  water 
arm  a  saturated  solution  of  the  saltpeter. 

Humidity  cycling  resuits  in  a  (low  deterioration 
due  to  crystal  growth  of  use  nitrates.  Submergence 
of  Mack  powder  under  water  causes  die  saltpeter 
to  leach  out 

25.  Ml  Ms.  At  elevated  temperatures,  physi¬ 
cal  changes  in  the  sulfur  can  occur.  The  hygro¬ 
scopic  effects  are  also  deleterious  to  shelf  life. 
Apart  from  these  influences,  Mack  powder  is  very 
stable  thermally  *nd  under  optimum  conditions 
Mack  powder  can  be  stored  for  many  yean  with¬ 
out  serious  deterioration. 

24.  Manufacturing  preenu.  Both  types  of  block 
powder  are  manufactured  by  the  process  shown 
schematically  in  the  flowsheet,  Figure  23.  The 
charcoal  and  sulfur  are  ground  together  in  the  pul- 
verizer,  which  is  essentially  a  ball  mill  using  short 
steel  cylinders  for  balls.  The  “composition  dust” 
is  discharged  from  the  pulverizer  through  a  “reel" 
or  screen  which  rejects  the  coarse  material.  The 
saltpeter  is  added  to  the  composition  dust  and 
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rework  in  the  wheel  mill,  shown  in  Figure  24, 
aloof  with  n  snail  quantity  at  water.  The  indi¬ 
vidual  wheels  of  the  wheel  mil'  may  weigh  10  tons 
and  stand  7  feet  Ugh.  The  functions  of  the  wheel 
mill  include  in  addition  to  grinding  and  mixing 
the  achievement  of  a  state  of  “incorporation.” 
Although  incorporation  is  little  understood,  it  is 
believed  to  be  a  state  of  very  dose  contact  among 
ingredients,  perhaps  without  intervening  films  of 
air  on  particles,  and  accomplished  by  very  con¬ 
siderable  mechanical  effort  in  the  form  of  shearing 
pressure.*  When  the  wheel  mOl  cycle  is  complete, 
the  wheel  cake  is  shoveled  out  and  transported 
to  the  press  house  where  it  is  first  broken  down 
by  passing  through  rolls,  then  pressed  into  cakes 
using  a  horizontal  press  shown  in  Figure  23. 

The  pres*  cakes  are  broken  into  pieces  of  about 
*4 -inch  size  cm  the  cutting  roils  shown  in  the  back¬ 
ground  of  Figure  23.  The  size  is  reduced  further 
on  the  corning  rolls.  The  product  from  the  coming 
mill  is  screened  on  a  reel,  the  dust  being  sent  back 
to  the  press.  The  product  nzs  and  shape  do  not 
change  essentially  after  the  corning  operation.  The 
remaining  operations  are  glazing  and  screening  to 
separate  the  various  grades  produced.  The  glazing 
operation  is  carried  out  at  elevated  temperature 
in  order,  simultaneously,  to  evaporate  water  down 
to  the  specified  level.  If  fuse  powder  is  being  made, 
two  or  more  grades  of  different  burning  rate  are 
produced  by  varying  the  ratio  of  sulfur  to  char¬ 
coal  in  the  formula  and  these  are  Mended  to  meet 
burning  rate  specifications. 

27.  Uses.  With  a  force,  F,  of  110,000  ft-lb/lb, 
black  powder  was  an  effective  gun  propellant.  The 
presence  of  solid  reaction  products  led  to  large 


volumes  of  smoke  and  to  a  corrosive  barrel  i  _ 
requiring  thorough  cleaning  of  the  gun  da$|j#sr 
after  each  use.  When  propellants  known  as  sd^ihe- 
less  powders  with  higher  force  and  s«bMsa|p% 
without  solid  products  became  available,  t£hck 
powder  became  obsolete  for  gun  use.  The  ch^Rge 
was  not  made  overnight  because  a  gun  rtrtfflhrri 
for  Mack  powder  was  not  ideal  for  use  with  sajefite- 
less  powder  and  vice  versa.  There  are  still  a  few 
antique  sporting  pieces  in  the  hands  of  hobbyists 
who  fire  them,  but  the  use  of  Mock  powder  as  die 
impelling  charge  for  guns  no  longer  is  significant. 

During  World  War  II  a  need  arose  for  a  flash 
suppressant  for  use  with  certain  guns,  particularly 
the  153-mm  gun.  It  was  known  that  potassium 
sails  are  effective  in  suppression  of  Hash.  As  Mack 
powder  is  roughly  three-quarters  potassium  nitrate 
and  a  propellant  in  its  own  right,  the  use  at  night 
of  an  auxiliary  charge  of  black  powder  was  under¬ 
taken  with  considerable  success.  This  use  of  Mack 
powder  is  not  expected  to  outlive  the  present  in¬ 
ventories  of  smokeless  powder,  however,  since  new 
propellants  containing  largely  nitroguanidine  have 
been  developed  which  have  at  the  same  level  of 
force  lower  burning  temperature  than  those  of  the 
World  War  II  smokeless  powders.  These  nitro- 
guanidine  propellants  exhibit  much  less  tendency 
to  flash,  and  the  incorporation  of  small  fractions 
of  potassium  salts  in  them  generally  inhibits  flash 
completely. 

Black  powder  was  also  the  original  rocket  pro¬ 
pellant.  In  the  decades  before  World  War  II,  ex¬ 
cept  for  Goddard’s  experiments,  rocketry  in  the 
United  States  was  confined  to  fireworks  and  rmall 
signal  rockets  of  modest  range  and  velocity  »od 
small  payloads.  For  such  rockets,  black  powder 
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has  been  quite  satisfactory.  The  smoke  and  sparks 
of  the  exhaust  were  desirable  and  there  was  no 
disadvantage  connected  with  residue  in  the  spent 
motor  chamber.  When  military  rockets  wen  de¬ 
veloped  during  World  War  II,  first  abroad  and 
later  in  the  United  States,  it  was  recognized  that 
the  low  calorific  value  of  Mack  powder  took  it  out 
of  competition  with  the  more  energetic  propel¬ 
lants  that  were  available.  Manufacturing  processes 
moreover  were  not  available  to  form  Mack  powder 
into  the  grain  geometries  required  for  these  higher 
performance  rackets,  and  it  is  doubtful  that  the 
physical  properties  of  black  powder  would  be  com¬ 
patible  with  the  thermal  and  acceleration  forces  of 
such  rockets. 

As  a  bunting  charge.  Mack  powder  hat  been 
supplanted  largely  by  mote  potent  high  explosive* 
except  for  some  practice  bombs  and  projectiles 
where  the  smoke  puff  helps  locate  the  impact 
point. 

In  primers  for  gun  charges  and  igniters  for 
rocket  charges  the  easy  ignitibility  of  black  pow¬ 
der  has  made  it  a  preferred  ingredient  The  high 
content  of  potassium  nitrate  has  abo  been  recog¬ 
nized  as  favorable  for  such  use,  because  potassium 
salts  are  good  emitters  of  radiation  and  radiation 
may  be  an  important  means  of  transfer  of  heat 
from  the  primer  or  the  igniter  to  the  surface  of  the 
main  propellant  charge. 

As  the  first  civil  as  well  as  military  explosive, 
and  for  a  long  time  the  only  available  explo¬ 
sive,  Mack  powder  has  been  extensively  used  for 
Hasting.  For  this  use  the  sodium  nitrate  black 
powder  has  been  preferred  ever  since  its  introduc¬ 
tion,  in  spite  of  somewhat  greater  hygroscopic!  ty 
and  slower  bunting  rate,  because  of  its  lower  price. 
Blade  powder  does  not  detonate,  even  when  ini¬ 
tiated  with  a  Masting  cap.  The  observed  propaga¬ 
tion  rates  of  100  to  600  m/*ec,  H  when  confined 
in  sted  pipes  and  initiated  with  f  detonator  are 
accounted  for  by  shattering  of  the  black  powder 
by  the  initiator  and  burning  at  the  attained  pres¬ 
sure.  Black  blasting  powder  was  first  supplanted 
by  commercial  Ugh  explosives  for  blasting  in  rock 
because  the  detonation  of  the  high  explosives  was 
very  much  more  effective  than  the  burning  of  black 
powder.  For  blasting  in  earth,  black  powder  with¬ 
stood  the  competition  of  high  explosives  for  a 
longer  time  because  the  shock  of  detonation  of 
high  explosives  was  rapidly  dissipated  in  earth 


TABLE  6.  CONSUMPTION  OF  BLACK 
BLASTING  POWDER  (ALL  TYPES) 
IN  THE  UNITED  STATES" 


Ysar 

Founds 

(thousands) 

1913 

197.732 

1920 

234,1*0 

1923 

136,964 

1930 

99,(73 

1933 

6C.U* 

1949 

39,734 

1943 

36,94* 

1930 

20,635 

1933 

6,624 

1936 

3,39* 

1937 

3.6*4 

193* 

2,492 

whereas  the  slower  burning  black  powder  main¬ 
tained  pressure  longer  and  gave  more  “heaving”  of 
the  burden.  Coal  miners  like  Mack  powder  be¬ 
cause  it  bleaks  the  coal  into  higher  priced  lump 
coal  and  produces  less  fines  than  even  the  low 
rate  permissible  high  explosives.  Unfortunately  the 
reaction  time  of  black  powder  lasts  longer  than 
the  initial  fracture  of  the  coal,  resulting  in  occa¬ 
sional  ignition  of  methane  (fire  damp)  and  dust  in 
the  atmosphere  of  gassy  mines  and  even  of  the 
coal  itself.  Use  of  black  powder  for  blasting  in  coal 
mines  engaged  in  interstate  commerce  is  now  for¬ 
bidden  by  federal  law. 

The  largest  current  use  of  Mack  powder  Is  for 
safety  fuse.  This  is  a  column  of  black  powder  en¬ 
closed  in  a  fabric  tube.  The  rate  of  burning  is 
carefully  standardized  io  that  the  shooter  can  pre¬ 
dict  the  length  of  time  between  lighting  his  fuse 
and  the  shot  Black  powder  has  also  been  used 
as  the  timing  element  in  some  military  fuzes.  It 
has  the  disadvantage  of  producing  a  considerable 
volume  of  gas  which  either  must  be  vented  or  it 
increases  the  pressure  on  the  powder  train  and 
hence  its  burning  rate.  It  has  the  further  disadvan¬ 
tage  that  it  is  difficult  to  ignite  at  reduced  pres¬ 
sures  and  impossible  to  ignite  at  pressures  below 
100  mm.  For  use  at  high  altitudes  it  is  necessary 
to  assure  that  any  device  relying  on  the  burning  of 
black  powder  be  pressurized. 

The  decline  of  the  Mack  powder  industry  in  the 
United  States  i*  shown  in  Table  6. 

Recognizing  the  obsolescence  of  Mack  powder, 
the  military  forces  have  sponsored  research  oo 
substitutes  for  Mack  powder  in  all  applications. 
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CHA7TH  i 

CRYSTALLINE  MONOPROPELLANTS 


28.  GtscnL  The  shape  of  black  powder  grains 
suggests  crystalline  material.  A  crystalline  chemi¬ 
cal  with  better  thermodynamic  properties  than 
black  powder  should  have  advantages  over  black 
powder  not  only  in  ballistics  but  also  in  uniformity 
of  composition  and  ease  of  manufacture.  Such 
chemicals  exist.  They  have  not  been  exploited  as 
propellants  because  they  became  available  at  a 
later  date  than  nitrocellulose  and  smokeless  pow¬ 
der,  and  the  background  knowledge  that  would 
have  led  them  to  be  appreciated  is  of  still  more 
recent  origin. 

The  list  of  possible  monopropeUants  includes 
many  chemicals  used  as  military  high  explosives, 
as  the  thermochemistry  of  propellants  is  essentially 
the  same  as  that  for  high  explosives.  The  difference 
between  combustion  and  detonation  of  a  crystal¬ 
line  monopropellant  is  merely  a  difference  in  re¬ 
action  rate.1  Except  for  primary  explosives,  which 
can  detonate  from  burning  and  are  therefore  ex¬ 
cluded  by  definition  from  possible  monopropel¬ 
lants,  these  chemicals  will  burn  quiedy  when 
ignited.  They  will  detonate  only  under  the  influ¬ 
ence  of  a  mechanical  shock  of  severity  far  greater 
than  can  be  found  in  a  gun  or  rocket  chamber. 
The  thermal  stability  as  well  as  the  sensitivity  of 


these  materials  have  been  extensively  investigated 
in  connection  with  their  use  as  high  explosives.  In 
general,  they  exhibit  long  shelf  life  and  are  very 
stable  at  temperatures  up  to  nearly  their  melting 
points. 

In  common  with  black  powder  grains,  single 
crystals  of  monopropellants  are  not'  subject  to 
being  shaped  to  accurately  controlled  dimensions 
and  large  sizes.  Again  like  black  powder,  however, 
they  can  sometimes  be  pelleted  under  sufficiently 
high  pressure  to  moderately  well  consolidated 
large  grains  of  controlled  dimensions. 

The  densities,  melting  points,  and  ballistic  pa¬ 
rameters  of  several  possible  crystalline  mooopro- 
pellants  are  tabulated  in  Table  7. 

29.  Nttrognanldfaw.  Nitroguanidine  may,  as  an 
approximation,  be  considered  ’to  react  according 
to  the  equation 

CH40,N4  =  CO  +  H,  +  HzO  +  2N*  (39) 

The  gas  -volume,  of  nitroguanidine  is  quite. 

high,  and  the  fraction  of  nitrogen  in  the  gas  is  un¬ 
usually  high  for  propellant  gas.  The  burning  tem¬ 
perature  of  nitroguanidine  is  some  150°K  lower 
than  that  of  a  smokeless  powder  of  the  same  force 
level  (see  Ml  in  SPIA/M2),  indicating  that  nitro- 


TABLE  7.  PHYSICAL  AND  BALLISTIC  PARAMETERS 
OF  CRYSTALLINE  MONOPROPELLANTS 


Density 

(g/«) 

Melting 

pototOC) 

(c*l!g) 

MM 

(mole^lb) 

T. 

CK) 

(•Jb 

|f 

(Ib-eec/lb) 

Nitroguanidine* 

721 

0.0481 

226* 

303,000 

Nitroguacidinef 

4.715 

246 

2403 

1819 

321,000 

199 

RDX, 

cyclotrimethylene- 

trhtftnmiac* 

1.82 

202 

1160 

0.0405 

4020 

3250 

432,000 

255 

HMX. 

cydotctramethvlcoe- 

tetnnitnmioe* 

1.92 

276 

132  J 

0.0405 

3940 

31*0 

430,000 

253 

PETN. 

pectarrythritol 

tetrmniinte* 

1.77 

140 

1331 

0.034* 

4220 

3410 

40,900 

250 

Ammonium  nitrate  f 
Ammonium  percUoratef 

1.72 

1.95 

170 

Decompose* 

354 

335 

0.0437 

0.0362 

1622 

1849 

124.4 

140* 

197,000 

1*6,000 

159 

155 

♦HfracMeirtw-Suennan  calculation  (we  Pansnwt  7-6). 
t  Exact  calculation  (we  Pare# tepb  7-5). 


42 


guanidine  should  cause  less  gun  barrel  erosion 
than  a  comparable  service  gun  propellant.  The 
highe.  content  of  nitrogen  in  the  gas  should  result 
in  less  tendency  to  flash  than  a  service  gun  propel¬ 
lant  at  the  same  flame  temperature  and  an  even 
more  pronounced  advantage  at  the  same  level  of 
force. 

The  usual  crystal  form  of  mtroguanidine  is 
needles,  resulting  in  quite  low  gravimetric  density 
and  small  web.  No  successful  work  has  been  re¬ 
ported  on  growing  crystals  of  size  and  shape  that 
would  permit  using  nitroguanidine  as  a  gun  pro¬ 
pellant.  The  linear  burning  rate  has  apparently 
not  been  measured. 

Although  nitroguanidine  has  not  found  use  as 
a  monopropellant,  the  disadvantages  of  its  crystal 
form  have  been  overcome  at  the  cost  of  some 
compromise  of  ballistic  parameters  by  formulating 
nitroguanidine  as  filler  with  plastic  monopropellant 
binders  into  composite  propellants.  Development 
of  such  composites  has  also  permitted  a  continu¬ 
ous  spectrum  of  force  and  flame  temperatures  in 
the  triple-base  system  described  in  Chapter  7. 

Nitroguanidine  is  synthesized  by  the  fusion  of 
calcium  cyan  amide  or  dicyandi  amide  with  ammo¬ 
nium  nitrate  under  high  pressure  and  temperature 
to  yield  guanidine  nitrate,  followed  by  dehydration 
with  mixed  sulfuric  and  nitric  add s’ 

CaNCN  +  NH4NO,  +  2H20 
-  Ca(OH)a  +  NH :  C(NH2)NH2  •  HNO,  (40a) 
NH :  C(NH2)NHCN  +  2NH4MO* 

=  2NI1 :  C(NH*)NHj  •  HNO,  (40b) 
NH :  C(NH2)NHj-  HNOs  -  HjO 

=  NH :  C(NHt)NHNO„  (40c) 

Other  syntheses  are  known.  The  thiocyanate 
process’  depends  on  the  series  of  reactions 
2NH4CNS 

=  NH :  C(NH,)NH,CNS  +,HaS  (41a) 
NH :  C(NHa)NHaCNS  +  NH4NO, 

=  NH :  C(NHa)NH,  •  HNO,  +  NH4CNS  (41b) 

The  Roberts  process'  proceeds  through  ethyl 
pseudourea  and  guanidine  sulfate 

CXXNH,),  +  (CaH8)2S04 

=  NH :  C(NH,)OCjH,  +  C,H,HS04  (42a) 
HaSG4  +  NH :  C(NHa)OC,H8  +  NH, 

=  NH :  C(NH,),  •  H,S04  +  C,H8OH  (42b) 
NH  :  C(NH,)a  •  H,S04  +  HNO,  -  HaO 

=  NH ;  C(NH,)NHNO,  -f  HjSO*  (42c) 


JO.  RDX.  RDX  (cydotrimcthylenetrinitramine, 
cydonite,  hexogen)  may  be  considered  to  iract 
according  to  Equation  43 

(CH,NaO*),  =  3CO  +  3HaO  +  3Na  (43) 

The  force  and  specific  impulse,  from  Table  7,  are 
quite  attractive,  although  the  flame  temperature* 
are  higher  than  desirable  for  gun  applications. 
RDX  has  been  fired  in  sporting  and  small  anus 
successfully1  with  ballistics  comparing  favorably 
with  those  of  smokeless  powder.  As  expected,  the 
quickness  was  found  to  depend  on  the  crystal  tine, 
finer  crystals  being  quicker  than  coarser.  The  high 
burning  temperatures  may  be  tempered  by  formu¬ 
lating  to  a  composite  with  a  binder  of  lower  bunt¬ 
ing  temperature. 

RDX  is  manufactured  by  the  Woolwich  proc¬ 
ess'  by  the  nitration  of  hexamethylenetetramine 

(CHa)6N4  +  HNO, 

=  (CH2Na02)8  +  gaseous  products  (44) 

or  by  the  Bachmann  process'  by  reacting  ammo¬ 
nium  nitrate  and  nitric  add  with  hexamethylene¬ 
tetramine  under  dehydrating  conditions 

(CH2),N4  +  4HNO,  +  2NH4NO,  -6HaO 

=  2(CHaN2Oa),  (45) 

31.  HMX.  HMX  (cyclotetramethylenetetrani- 
tratnine)  is  homologous  with  RDX  and  may  be 
assumed  to  react 

(CH2N2Oa)4  =  4CO  +  4H20  +  4N2  (46) 

The  ballistic  parameters  are  similar  to  those  of 
RDX.  It  is  somewhat  more  dense  than  RDX  and 
has  a  somewhat  higher  melting  point  (Table  7). 

like  RDX,  HMX  can  be  compounded  into 
composites  such  as  PPL  949  (sec  SP1A/M2). 

HMX*  appears  as  a  by-product  to  the  extent 
of  about  10%  in  Bachmann-proccss  RDX.  No 
attempt  is  ordinarily  made  to  separate  it  from  the 
RDX,  because  for  most  uses  it  is  the  full  equiva¬ 
lent  of  RDX.  By  changing  the  conditions  of  opera¬ 
tion  of  the  Bachmann  process,  the  fraction  of 
HMX  can  be  increased  substantially  to  where  iso¬ 
lation  of  the  HMX  is  practical. 

32.  PETN.  PETN  (pentawythritol  tetranitrate, 
penthrite)  may  be  assumed  to  react 

C(CH2NO,)4 

=  2CO  +  3COa  +  2Ns  +  4HaO  (47) 
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With  highet  burning  temperature  am)  lower  gu 
vriij-.if,  the  fore*  and  specific  impulse  oi  PCTN 
arc  compa'fthie  to  thvK  of  RDX  and  HMX 
(Table  7).  Srat  r'ETN  bits  lower  density  and 
lo*;r  melting  pouj*.  than  RDX  and  MMX,  these 
Utter  material;  ilKHild  be.  preferred  to  PETN 
either  as  monopt  opt  Hants  ot  as  filler  lot  composite 
propellants 

PETN  is  manufactured’  b\  the  nitration  oi 
pentacrythritol 

001,0)1),  -  4HNO, 

-  CtCHjNOjU  +  4HjO  (48) 

33.  A  ■>»>  mitruit.  Ammonium  nitrate 

may  be  assumed  to  react 

NH4NO»  -  N,  +  2dtO  +  liO*  (49) 

As  i  raonopropeflant,  ammonium  nitride  produces 
•  working  p«  containing  free  cay  geo  For  this 
reason,  although  its  for,  and  specific  impulse  are 
somewhat  modest,  when  compounded  into  com 
posites  with  any  incompletely  oxidized  binders 
ammocium  mu  ate  behaves  to  par.  at  an  oxi 
dam  Such  composites  are  discussed  further  in 
Chapter  9 

Ammonium  nitrmr  is  hygroscopic  a.  relative 
iur.tu.ii ties  above  40  percent  Any  propellant 
charges  comprising  ammonium  nitrate  must  be 
protected  from  humidity  Ammonium  nitrate  also 
undergoes  a  series  of  phase  changes  at  different 
temperature',  including  one  at  32.2‘C,1  all  of 
which  are  accompanied  by  changes  iu  density. 
This  ts  destructive  to  the  integrity  of  single  crys- 

(||U  rvwrry  rvr  **j  rvi^aj  IfltO  *  COEtlpOS  t£ 

hydrophobic  or  nonbygroscopic  binder,  a£  of  tfy 
ammonium  nitrate  crystals  within  the  binder  p*e 
protected  from  moisture  pickup  The  ph  at  changes 
can  also  be  contained,  as  the  crystal  size  of  the 
ammonium  nitrate  is  preferably  very  small  and 
the  stresses  produced  by  the  volume  change  of  the 
individual  particles  can  be  absorbed  by  the  binder. 

When  formed  into  large  grains  by  romp  -ration 
motdmg,  hygroscopic  effects  are  likewise  confined 
io  tor  mztcriai  near  the  surface  Phase  changes  in 
such  propellants  cause  them  to  swell  somewhat 
on  aging,  but  do  not  appear  to  interfere  with  then 
normal  burning  processes  Such  grain'  have  been 
studied*  but  have  not  found  service  use. 

Ammonium  nitiaD  a  mi  article  of  commerce, 
being  widely  used  as  a  fertilizer  ingredient  and  as 
j  constituent  of  commercial  high  explosive*. 


34.  isKsiq  fMfcjtloTwte,  Ammonium  per¬ 
chlorate  may  be  assumed  to  react 

nh,oo4 

=  fcN|  +  HC1  -r  feHjO  *  »4 Oj  (50) 

As  t  tnocopropellani,  ammor  ,um  perchlorate  is 
even  more  oxidizing  than  ammonium  nitrate.  Like 
ammonium  citrate,  ammonium  perchlorate  is  hy¬ 
groscopic  The  presence  of  hydrogen  chloride  in 
the  products  of  com  autioo  mikes  aajEOcium  per¬ 
chlorate  unattractive  fer  use  in  engines  used  repeti 
trv.lv,  such  as  guns  For  these  reasons  unroonii  m 
perchlorate  has  not  lieen  used  *s  a  mooopropeil  art 
charge  It  is  widely  used  as  an  oxidizing  fids* 
in  composite  proprliants  for  rockets,  as  discussed 
further  in  Chapter  9,  and  in  ORDP  20  176. 

Ammon:  urn  perchlorate  is  ptepared  by  electro¬ 
lytic  oxidation  of  sodium  chloride, 

NaCl  +  4H-0  =  NsOO*  +  4H»  (5  *  &} 

followed  by  memhesu  with  as  ammonium  salt 

NaOO,  i  NH4*  =  NH.QO,  t  Ns*  (51b) 
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PLASTIC 


35,  Geme'tL  Plastic  enon-Of  rope  limit,  ronv- 
mool)  Iraovra  as  smokeless  powders.*  have  <nc 
in  u'-e  for  abort  'J  year*.  The  firs;  such  propellant 
i  t,  mack  by  V'wilk  in  France  in  1884. 1  Viriilf 't 
psoduct  is;  etsentiady  nitrocellulose,  changed 
from  it*  originally  fibrous  form  to  a  dense  plasitc 
by  colloidmg  v-irh  ether  and  alcohol,  forming  into 
grain.* ,  and  sut  sequent!)  removing  most  erf  the 
advent  A  few  yemt  later  Alfred  Not'd  introduced 
a  diflereni  variety  erf  smokeless  powder  in  which 
nitrogiycenn  Li  used  as  a  coJlosding  plasticizer  few 
the  nitrocellulose  1  Propellants  containing  njtrc- 
glycerin  are  known  as  douSe -base  because  they 
contain  two  explosive  tngredietjts  it  contrast  to 
single- base  propellants  -  htch  contain  Diuuctuu- 
kwe  as  the  only  explosive  ingredient.  Addition  of 
Aid -type  or  "deterrer.’”  plasticizers  to  tbe  fonnu- 
htbon  jpvw  the  necessary  fi-xibility  for  calorific 
value  and  nitrocellulose  content  to  be  varied  inde- 
peadenuy,  an  important  consider atxwi  alien  botr 
ballistic  qualities  and  physical  properties  may  be 
specified.  Ballistic  qualities  are  largely  determined 
to  the  calorific  value,  and  physical  properties  by 
the  polymer  content  A  smokeless  powder,  looked 
at  in  this  light.  «  a  single-phase  ot  mooopropeliam 
cxwnprutng  three  ingredien”:  a  polymer,  u*  All) 
nitrocellulose,  an  oxidant  plaits urer,  unially  nitro- 
gjyceria;  and  a  fuel  plasticizer,  foe  esampk. 
di-n-butyl  phthalau .  Toe  terms  single-base  and 
double  base  have  lost  then  MgAMucauw^: ,  *uui.*c- 
base  being  just  a  special  case  in  which  the  oxidant 
pUitmMT  content  happens  to  be  zeru 

34.  FwmaMio*.  The  relation  ships  within  tbe 
family  of  nitrocellulose  moPGprcpelianU  arc  shown 
qualitatively  m  the  triangular  diagram  of  Figure 
26.  For  ballistic  purposes  tbe  scak  of  Figure  26 
should  be  considered  about  iroeat  in  weigh'  frac¬ 
tions  tor  physical  properties  i>  is  about  linear  ,n 
voturoe  fiscttom.  In  this  figure  the  Lac  PH  rep¬ 
resent*  all  possible  cornposraorii  with  the  same 
calorific  value  u  pure  polymer,  P.  lines  parallel 
to  PH  are  lines  of  constant  calorific  vzlue.  Ccov 
postioa*  to  the  left  of  PH  arc  ‘  woier,"  ha  ■<  lower 
ariftc  value  (lower  Same  temperature)  than  that 

•  Altboujp  the  term  -smoseit**  powder "  '»  itili  ctutw. 
sbvowi  s ad  in  Uniied  Scale*  commrraaJ  rt/vle*.  ’.t*  De- 
parttnaal  of  Detente  h*i  dacoetinwe!  the  ' 


of  pure  polymer  To  the  right  of  PH,  they  are 
“hotter, ”  have  taigfaei  calorific  vahre  (higher  force 
or  specific  impulse)  The  bar  BC  represent*  com¬ 
position*  erf  the  sunusaum  pramcal  Yeung's  modu¬ 
lus  for  propellant  use.  Below  BC  the  pt 09 .-II tat 
caflDO*.  be  relied  00  to  mMnuin  rid  gpxsxtiy,  e*en 
when  supported  by  being  bonded  to  tbe  chamber 
wall  The  line  A  B  define,  the  kwh*  adorify.  value 
ih*i  an  e&d-item  designer  can  profitably  use  All 
useful  nirioceUukHe  nwocpropeDaoU  art,  there 
fore,  formulated  within  the  polygoo  PABC. 

Since  gun  erosion  limits  "he  allowable  Came 
temperature  erf  a  propellant,  gun  propellant  for- 
nudr*  tend  to  fall  to  the  kft  of  the  to*.  PH, 
although  fix  some  applications  they  may  be  web 
to  tbe  right  High  performers*  rocket  propellant* 
are  fours*  tc  the  right  of  the  tine  PH.  Caw-bood 
able  propellants  fab  in  the  neighborhood  of  the 
hue  BC.  Propellant*  to  generate  gas  at  moderate 
temperatures  for  aircraft  fUric-r  engines  and  simi¬ 
lar  apprentice' s  are  found  in  the  neighborhood  of 
tbs  line  AD.  There  exists  consider  tbit  overlap 
between  the  fortoulatkic  areas  for  duff  emit  type* 
<rf  end  use  In  addition  to  the  three  bask  ingre¬ 
dients  a  stabilizer  U  universally  used  tc  increase 
the  storage  life  erf  the  propellant.  and  additive# 
may  be  incorporated  to  reduce  flash,  to  improve 
igin lability,  tc  reduce  metal  fouling  in  gun  barrels, 
to  reduce  tbe  pressure  exponent,  n,  to  provide 
opacity,  and  for  variou*  other  ressof1.' 

34-1  Ftrfymr.  Nitrocellulose  is  tbe  usual  poly¬ 
mer  in  plastic  tnotxyropellanu,  but  other  potyirver* 
can  be,  and  have  been,  used 


r  1  at*  »a»t* 


ft gura  26.  NWrc-rarfidos#  Mwvsprepit'ikinf  Syrf**n 
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36*1.1.  Nrtroceltulote  b  the 

product  of  partial  tut  ration  of  cellulose,  which  in  * 
natural  polymer  of  empirical  formula  (C„H,ftOsl, 
and  crryrnifs]  fctBSU&ft 


n 

Of  the  three  -OH  group-.  those  at  we  2  and  3 
po  .&otu  are  secondary,  while  that  in  the  t  posi¬ 
tion  is  primary.  All  of  the  -OH  groups  can  he 
nitrated,  and  when  cellulose  it  completely  nitrated 
the  res  ul  tint  nitrocellulose  has  a  nitrogen  coo  tent 
of  14.15  percent.  Siirocellulote  as  ifjsd  to  com 
roerce,  and  as  usee!  to.  propellants  is  leaf  than 
completely  nitrated  NitroceLuktsei  are  char  at ter- 
uxd  by  nitrogen  content  and  viscosity  as  inde¬ 
pendent  variables  Hygrosoopicity  and  solubility  in 
various  solvents  depend  primarily  on  the  nitrogen 
content  Significant  commercial  grades  of  nitro¬ 
cellulose  are  those  used  for  lacquers  at  1 2  pt  rcent 
nitrogen,  for  dynamite  at  12  percent  nitrogen,  and 
for  plastics  at  1 1  percent  nitrogen  The  grades  of 
aignificarve  to  propellants  tn  the  United  States  are 
guncotton  at  high  grade  at  13.4  percent  nitrogen, 
pyTOcellulose  at  12  6  percent  nitrogen,  and  ooe  u 
yet  not  officially  named  at  12  2  percent  nitrogen  ‘ 
Foreign  propellants  frequently  contain  oitroceBu- 
loac  of  lower  substitution  than  12  percent  wtrogre 
Ocsccttsa  i>  BOi  used  as  the  cw.iy  nitrocellulose  in 
American  propellants,  but  is  commonly  blended 
with  pyrooelluiose  to  yield  a  "tniliciry  blend''  at 
about  13.15  percent  nitrogen  rr  a  blend  at  13.25 
percent  nitrogen  All  fibrous  nitroceUuioses  look 
alike,  and  indeed  look  much  like  the  original  cellu¬ 
lose  While  there  could  be  merit  in  separately  for¬ 
mulating  two  n>crocrliuk>fc»  into  a  propellant,  the 
ehminabot  of  possible  coofusioc  between  diifer- 
ent  grades  of  mtroceUuVw  sod  the  opportunity 
of  adjusting  the  ratio  of  the  nitroceBukwes  wbfle 
in  the  fibrout  state  to  an  exact  blended  nitrogen 
content  argue  strongly  for  blending 

3*.  1.1.1.  Nfri  «pi  eentant  Aj  indicated  in 

Table  2,  the  cotmibutioc  o'  the  mtrrcelhiloac  to 
the  calorific  value,  flame  temperature,  and  there 


fere  force,  'preific  impulse,  or  characteristic 
velocity  of  the  propellant  is  higher  the  higher  the 
nitrogen  content. 

3*- 1.1. 2  4»ilsWS!.i  NitroccBuloae  at  12  7  pc  - 
cent  or  12.6  percent  nitrogen  is  completely  solub'c 
i.t.,  miscible  in  all  proportions,  in  a  mitture  of  2 
parts  by  volume  ether  and  l  part  aJcoboi,  used  to 
the  required  solubility  determination  *  At  1 3  4  per¬ 
cent  nitrogen  only  a  small  fraction  of  the  nitro¬ 
cellulose  eaten  the  solvent  phase.  No  attempt  is 
made  to  mean  t*  the  solvent  content  of  t fee  citro- 
cellt-lcie  phase  Neitnet  the  high  solvent  fraction 
nor  the  proportion  of  ether  and  alcohol  used  to 
this  detet  mutation  is  representative  of  the  system 
involved  in  the  manufacture  of  propellants,  whore 
the  nitrocellulose  imbibes  all  of  the  solvent  and  do 
separate  solvent  phase  is  present  Nevertheless,  es 
shown  in  Figure  27,  under  the  microscope  tndi 
vjdual  fibers  can  be  seer,  to  have  putotatosd  their 
identity  to  uaptastkazed  propel] an:  made  from 
military  blend  with  ether-alcohol  solvent.  Intro¬ 
duction  of  plasticizer  into  the  formula  usually 
obliterate*  this  pi ,  no roe  non  completely .  The  rea¬ 
son  for  this  is  that  nbibiuon  of  solvent  put*  plasti¬ 
ciser  so  softens  the  nitrocellulose  fibers  that  the 
fibrous  structure  is  destroyed  by  'he  mechanical 
forces  acting  'hiring  muring  and  subsequent  opera 

-  d,  ttnIjii^cettS 

follow  •  g<  ne rally  the  solubility  in  ether-alcohol 
Solvents  then  used  to  fabneale  double- base  pro 
petlairts  usually  coctair  acetone,  to  which  all  of 
the  military  grades  of  nitrocellulose  are  soluble. 
I>temuatk»  of  ethcr-akohoi  solubility  ha*  link 
real  either  to  the  nianulacuire  or  per¬ 

formance  of  a  propellant  It  does  serve  to  indicate 
that  a  given  kn  of  nitrocellulose  resembles  the 
particular  n  roceDulose  used  when  the  propellant 
was  originally  standardized 


J4-1.U.  Hyyoacagtdty.  The  moisriiir  content 
of  nitrocellulose  tu  equilibrium  with  a  saturated 
atmosphere  at  25CC  has  been  expressed*  by  the 
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when  ,Y  is  the  percent  nitrogen  to  rive  mtrooel'u- 
lose.  From  thb  equation  have  beet;  calculated  The 
rahies  shown  to  Table  8  for  list  uiirocefiui:'ve» 
used  to  propellants 
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27  Ctc-Ji  Sertion  ck?  Grom  of  IMJt  5mol«lel.  Pew, ter  f0,  ;,,0//  Arir,j 
Photographed  in  Ultraviolet  Ug'rt.  !!?>■  MogninCct»>n 
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The  nature  of  this  reintiocahip  may  be  explained 
on  the  basis  that  it  t»  the  unnitraled  —OH  yroups 
of  the  nitrrrellukiae  that  sorb  mou'vue 


34-1.1.4.  Vlwrosfcy.  Vucasriy  in  very  dilute  so¬ 
lution  it  a  quantitative  measure  of  the  average 
molecular  weight  of  a  polymer,  as  th'wm  by  the 
equation' 


“T 


\  _  qp 

)  200 


(53) 


where  <)  is  the  measured  viscosity  of  the  solution, 
i},  is  the  viscosity  of  the  solvent,  C  is  the  concen¬ 
tration  of  the  lufrf-rrifwtijnc  in  the  solution,  and 
DP  is  the  degree  of  polymerization  The  value  200 
is  empirical  aad  varie  slightly  with  the  degree  d 
substitution  and  with  the  solvent  used  Tw  figure 
shown  here  is  used  for  acetone  solution.  The  left 
member  of  Equation  53  is  known  aj  the  intrin¬ 


sic  •iseosty.  The  ratio  -  is  called  the  relative 
rise  >uty 

At  higher  conwrnnk’o  wcoodiry  effects,  not 
compte'ely  identified,  influence  the  viscosity  For 
example,  two  mtiocetluk  tes  of  different  origin, 
showing  the  tame  intrinsic  viscosity,  may  have 
widely  differing  measured  viscosities  in  more  con¬ 
centrated  solution.  For  propellant  use  viscosity  is 
measured'  by  timing  the  fall  of  a  ,-inch  siee' 
halt  through  a  10  percent  volution  of  fiitroceliiikue 
in  notion*.  Typical  values  of  nitrocellulose  vis¬ 
cosity  for  propellants  are  b  to  25  secorls,  but 
mtioceiluloses  of  higher  and  lower  viscosities  are 
sometimes  used.  Th-  conditions  of  the  viscosity 
determination  are  oos  representative  of  ary  con¬ 
ditions  present  luring  propeliam  manufacture 
The  det-rmi nation  has  as  its  principal  significance 
the  assurance  that  the  nitrocellulose  examined  re 
aerobics  that  used  in  the  standardized  propellant 


34U.  Other  pofyi.ti.  The  polymer  in  the 
propellant  heed  not  be  nitrocellulose  Other  rner- 
getsc  polymers  may  be  used  such  as  po)y(vinyl 


nitrate),  potyfpetrin  ncrylei..'),  pol y( trim troc thy  1 
acrylate),  and  even  fuel-type  polymers  such  at 
cellulose  acetate  or  pci'yf  methyl  methacrylate).  I* 
th-.»  :  case*  the  negative  or  deficient  contribution 
on  the  pan  of  the  polymer  to  the  for-te  of  the 
propellant  it  overcome  by  the  i-se  of  oxidant  plasti¬ 
cizer*  su*h  as  nitroglycerin  and  other  nitrate  esters. 
C  x>!  polymers  if  used  must  be  physically  com¬ 
patible  siii,  to,'  hot  ftst'icizcri  This  accounts  for 
the  fact  that  the  cool  polymers  cited  above  are  J! 
esters 

Cellulose  acetates,  like  nitrocellulose,  are  de¬ 
rived  from  cellulose,  are  not  completely  esterified, 
and  are  char  ac.  trued  by  decree  of  esterification 
(expressed  as  peieent  combined  acetic  acid)  and 
by  viscosity.  Al.*o  like  nitrocellulose,  a  cellulose 
acetet'*  tit  a  pfope’iant  has  its  highest  degree  of 
polymerization  at  the  time  of  intr.  ductktn  into  the 
mixer 

Synthetic  polymers  may  be  polymerized  in  ad¬ 
vance  of  introduction,  in  which  case  charac¬ 
ter  laticm  is  possible.  Alternatively ,  they  can  be 
polymerized  u,  situ  after  mixing 

36-1  SfitBatr.  In  common  with  other  organic 
chemicals,  nitrocellulose  tends  to  detenorate  with 
age  by  a  process  known  as  thermal  decomposition 
In  the  cave  c*  nitrocellulose,  thennt'  decomposi¬ 
tion  sun*  with  the  splitting  off  of  NO,  from  the 
nitrate  groups '  This  NO,  reacts  immediately  with 

- - - - - -  „.2_i  .1.  _ _ «i _ _  f' _ *..  j: _ 
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cellulose)  and  is  evolved  as  NO.  The  secondary 
reaction  of  the  NO,  with  the  nitrocellulose  accel¬ 
erates  the  thermal  decomposition  Hence  thermal 
decomposition  should  be  minimized  by  adding  to 
the  formula  a  chemical  that  will  react  itb  the 
NO,  to  give  a  stable  product  and  thus  prevent 
secondary  ;e action  of  NO,  with  nitrccehulose 
The  other  product  resulting  from  the  loss  of  the 
NO,  is  a  bound  free  radical  which  also  tends  to 
react  further  to  more  stable  products  An  additive 
to  remove  the  free  radical  char  act et  of  ine  residue 
should  also  result  in  stabilizing  the  propellant 
Nitroglycerin  behaves  in  a  manner  similar  to  that 
of  nitrocellulose  and  can  Sc  stabilized  in  the  same 
way  The  stabiljnert  in  currem  jse  in  the  United 
States  are  dip)  jr.ylamine,  2-rutrodjphenylamit.i, 
and  ethyl  centralrte  These  are  ali  weak  bates, 
but  they  function  by  being  nitrated  tathcr  that 
by  font  avion  of  salt*  Other  stabilize. s  that  have 
been  proposed  induct  N-eihy'axuhfK,  carbazol*, 
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/?  ner-olin,  arid  N  methyl  p  nitroanHine  Mineral 
jelij.  an  ur.  saturated  aliphatic,  function-.  as  th 
itzbilzc,  in  setnc  British  ptotellsnu 

Dlphtarlawlae.  Diphenylamme , 
(C*Hj)jNH.  is  prepared  by  subjecting  aniline  t< 
high  temperature  in  an  autoclave 

2QH5NH,  =  (C4Hj)iNH  +  NHj  (54) 

lU  history  in  the  aging  of  propellants  has  tven 
traced  1  The  first  reaction  product  is  diphenyl - 
R-trosoamine,  (C*H»)jNNO,  followed  by  ring 
muaiit-c  Diphenyl amirt  is  sufficiently  bask  to 
attack  nitroglycerin,  so  that  its  main  use  is  tn 
»  gif-haw  propellants 

M  -2  2,  2-Nitrwdlpfcruyft— k>>.  2-Nitrodt phenyl 
•mine  is  less  basic  than  chphenyUanine  and  is  inert 
tow  aid  mtrogiyce;  .n  while  (dll  being  a  good  sta¬ 
bilizer  (•  is  preferred  to  dipheny  l  amine  as  a  stabi¬ 
liser  for  double-base  propellants  It  is  made  fey 
reacting  l-chkyro-l-oitrobenzeoe  with  aniline. 


o 
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34- 2J,  Ethyl  csati  tfc,  Ethyl  cen  Halite,  cen 
tralite-1,  or  centtalile  for  short  is  rym-diethykli- 
phtnylurea,  CQ{N(C.,H*XCaH»)]j  It  is  made  by 
reacting  phosgene  with  N -ethyl-  or  N.N-diethyi- 
aniKne  Its  reaction  history  is  considerably  more 
cc-rr-plriivi-i  *h»£  »h»  of  e*disg 

up  with  nitrated  anilines  *  The  methyl  analog, 
een  trail  te-2  or  rym-dunethy’diphecylurea,  it  also 
known  and  is  used  somewha’  abroad  The  cen- 
tralit-j  te  considered  to  be  aiinewhal  less  elec¬ 
tive  as  stabilizers  than  2-nitndiphenylamine,  but 
they  are  also  quite  good  plavuizers  Vihes  found 
in  propellants  they  are  frequently  used  at  higher 
fractions  than  the  dipheayUnunes  to  take  advan¬ 
tage  of  their  plasticizing  properties 

34-3,  (Mdnltyye  phwfirhan,  The  required 
propemet  of  an  oxidant-type  piasticucr  are  that 
it  contribute  oirdmng  as  well  j  fuel  elements  to 
the  composition,  that  it  be  physically  compatible 
will  the  polymer,  and  that  its  vapor  pressure  ovei 
the  composition  be  low  enough  that  the  composi¬ 
tion  will  not  change  substantially  over  the  life  of 
the  propellant 


Nttroglvcerin  was  the  original  oxidant  tyj*  pits 
tkizer  and  it  is  still  the  most  used  of  tin,-  type 
plasticize!  in  she  Uni'cd  States  It  is  usually  pre¬ 
pared  or,  the  propcLlant  plant  site,  by  the  mu-ation 
of  glycerin  v».id>  a  mLUui  cl  nitric  and  suliuric 
acids 

Nitrate  esters  other  thrn  nitroglycerin  have  *.*o 
been  used  lr.  many  cases  these  plasticizer*  a't 
cooks  than  the  nitrocellulose,  nevertheless,  pi  ope  - 
lants  in  whkh  they  arc  cenu>ned  are  still  knowr 
as  double-base  Die  thy  k  nr  glycol  dimtrate.  DON, 
NOjiOCjH^hONO,,  ard  iriethykiH  glycol  di- 
nitrate.  TON.  NOitOCjH,  jONOj.  are  the  most 
important  of  these  nitrates  The  ether  bonds  in 
these  esters  are  cooside.ed  advantageous  in  im¬ 
proving  low  temperature  physical  properties  of 
the  propellant.  DUN  hat  been  used  more  abroad 
than  in  the  United  States  Other  nitrates  for  which 
feasibility  is  established  art 
me  trio!  trinitrate 
CHtC(CH,ONO,l, 

1.2.3- butanetriol  trinitrate 

CHjONOjCftONOjCHONOjCHi 

1.2.4- buunetriol  trinitrate 

CHjONOjCHONOjCHjCHiONOj 

perrin 

CHsOHC(CHjONO,), 

dkthanoln  in  amine  diniuate  (DINA) 

NOaN(Ci  H«ONO,  it 

34-4,  FwrMype  pintrtmw.  As  is  the  case  with 

the  oxidant  type  pievprnzrn,  hue.1  type  pUsScuers 
must  be  physically  compatible  with  the  nitroceUu 
lose  and  should  have  sufficiently  low  vapor  pres¬ 
sure  to  remain  in  the  propellant  during  its  hie. 
In  contrast  to  the  oxidant-type  plasticizers,  fuel- 
type  plasticizers  contribute  no  oxidant  or  only  a 
little  oxidant  to  the  composition  and  thus  tend  to 
reduce  th;  forte  and  flame  temperature  of  the 
propellant  It  is  difficult  to  draw  a  sharp  line  be¬ 
tween  chemicals  which  art  oxidant  type  plasu 
cizcrc  and  those  which  art  fuei-typt  plasticizers, 
this  distinction  is  not  really  very  important  ami 
one  is  perhaps  better  oft  to  consider  both  as  mas- 
tvcuers  Fuel-type  plasticizers  are  frequently  the 
same  pl  shdztrs  that  are  found  in  commercial 
plastics  »nd  protective  coating  They  are  used 
because  they  are  available  in  quantity  it  reason¬ 
able  pnc  .s  TTty  may  be  esters  such  as  diethyl,  di¬ 
methyl,  di-n-butyl.  or  dj  (2-elhylhexylyphthalatc, 
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such  fc  life.  crnitalue v  im  even  mines'  wily  a- 
used  in  the  British  cor J:tt.  V  the  propei, ant  is 
mark  be  a  pr<;».  ?ss  involving  a  viable  solvent,  the 
residua!  stovent  brhavcv  a*-  a  foci  tjpf  plasticize' 
am.  differs  from  the  rt  I  of  the  futi-r-pc  plasti 
cirer..  only  in  that  it  has  a  higher  vapr  pressure 
than  is  desirable  Gradual  loss  of  resic  rai  solvent 
on  aging  of  propellants  ■rill  change  u  e  ballistic 
characteristics.  Chose?  among  the  fuel-type  plasti¬ 
cizers  is  usually  made  ou  tlie  basis  of  c  variability 
and  cost  phjs  Ok  contribution  to  ’he  physical 
properties  of  the  propellant. 

3b-5.  Additives.  TV  combustion  prod  rets  of 
piastre  monopropellar.Ls  contain  gases  such  as  CO 
and  K;  which  are  combustible  in  air  If  the  ;em- 
perature  at  time  of  discharge  to  the  atmosphere  is 
high  enough,  ignition  of  these  exhaust  products 
in  air  may  take  place  This  phenomenon  u  known 
as  flash,  or  more  'pec  fictliy  secondary  flash  Rash 
is  urt  tesirablf  in  gunnery  because  it  d:»c loses  the 
position,  of  the  piece  ano  tend?  to  interfere  with 
the  vision  of  the  gunners,  particularly  during  night 
Bring  In  rockers  fi?'i  can  likewise  afford  data  on 
the  position  of  die  launcher.  Flash  is  also  respon 
s-.hle,  a  least  in  part,  for  the  attenuated  of  radar 
signals  to  and  from  rocket  missiles,  interfering 
with  guidance  anu  teiemetrv.  lo  avor  or  diminish 
flash,  addi  ?t  are  frequently  included  in  propel 
I artt  comp  ;--jor.s  to  suppre_s  this  ignition  These 
additives  .  v  take  the  forto  of  potojam  silts 
which  fund,  .n  a;  negative  catal;  *ts  for  the  re 
w.ticms  of  CO  and  hydrogen  with  aorvcwpherh- 
oxygen.  Of  trie  potassium  sain  available  in  Uv. 
United  States,  piles.,  ->m  sulfate  is  the  most  fre¬ 
quently  used,  though  potassium  nitrate  has  been 
used  in  some  propellants  Potusiurr  cryolite  has 
beer,  used  abroad  in  propeliants  mixed  in  water 
slurry  since  it  is  insoluble  in  water. 

Potassium  nitrate  and  banutr  nitra’e  have  been 
used  in  some  prope 'ants  to  make  the  propellant 
more  readily  igniubk.  Metr'bc  un  and  metallic 
bad  .are  examples  of  additives  ir,  gun  propellants 
to  reduce  metal  foulmg  They  function  by  tower¬ 
ing  the  meltirz  point  ot  copper  which  is  deposited 
in  the  bane!  by  tire  projectile  during  travel  through 
the  bore 

Cencir  lead  and  copper  salts  have  been  found 
effective  in  lowering  the  pressure  coefficient  of 


burning  raw  in  doubit  base  rocket  propellants 
taibor  black  and  other  psgmenu  Save  been  used 
in  sol!  e  ptopeiiants  to  provide  opacity  and  tiius 
pu  vet",  maiiu'Kiutn  due  to  ignition  belovt  thf’  sir: 
face  at  the  site  of  minus  imperfections  Metal  wire 
either  m  chopped  form  or  strung  continuously 
parallel  to  ihc  txis  of  end-burning  grains  increases 
the  .ffective  burning  rate  of  grains  in  which  the) 
art  incorporated  by  increasing  the  burning  surface 
Other  additives  of  claimed  virtvr  art  found  in 
some  ffopeltaris. 

Solid  products  in  the  propellant  ess  resulting 
from  &-  incorporation  of  additives  contribute  to 
smoke,  which  is  objectionable  fo.  reasons  similar 
to  those  for  Bash  The  amount  of  additive  used 
for  a  given  purpose,  eg,  flash  suppression,  roust 
be  con»idered  in  the  light  of  the  contribution  to 
smoke  As  discussed  in  the  next  section,  carbon 
may  also  appear  in  smoke 

37.  BafMatk  duradertftfcs.  The  calorific  values, 
flame  teraperamres,  and  gas  volumes  of  plastic 
moooprope  Hants  may  be  estimat'd  from  the  dab 
of  Table  2  (pag.  7y  from  which  can  be  derived 
the  force,  characteristic  velocity',  and  specific  im¬ 
pulse  as  outlined  in  Paragraph  8  Calorific  values 
range  downward  from  a  maximum  of  about  1  7 

cal  ones  pet  gram  to  quite  tow  or  even  negative 
values  It  i.  surprising  perhap.  that  a  propellant 
with  a  negative  calorific  value  will  burn  to  pro¬ 
duce  a  useful  working  fluid  That  it  does  rj  is  due 
to  the  fact  liiat  thermodynamic  equilibrium  is  not 
attained  at  low  flame  temperature  and  endothermic 
species  appear  in  the  gaseous  products 

Fie™  temperatures,  T .,  si  cons  iso;  volume 
may  be  somewhat  over  70OJR  for  s petting  or 
pistol  propeliants  and  may  be  below-  20G0°R  for 
gat  generator  propellinu 

The  com  position  of  the  gaseous  products  may 
be  determined  as  outlined  in  Paragraph  7.  In  gen¬ 
eral,  only  minor  quantities  of  solid  products  will 
be  found  from  the  combustion  of  plastk  mooo- 
propellanti  The  solid  product  are  derived  from 
the  additives  except  that  some  cool-burning  gas 
generator  propellant*  tend  to  be  smoky  The  smoke 
is  ca'bon  derived  from  the  propellant  compos; 
non  choice  of  fuel-type  plasticizers  has  a  con¬ 
siderable  effect  on  srook'..  It  is  claimed  that  long 
carbon  chains  and  particularly  benzene  rings  in 
the  fuel-type  plasticizers  are  more  prone  to  smoke 
than  are  sfion  aliphatic  chains  " 
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figuri  26  Pf  jtKal  Prsp*ffi*i  V#mli  Folfrtw  Cortinl ra» tor 


3A.  Physical  ■nijMrtka .  PUstk  tnotiopyopeilagis 
arc  thermoplastic,  translucent  unless  pigmented, 
aod  resemble  generally  the  inert  thermoplastics  at 
commerce  Many  of  the  physical  properties  are 
lictrnairjed  by  the  polymer  coo  ten  L  probably  best 
expressed  in  terms  of  coooeotratioc  (weigh'  frac¬ 
tion  multiplied  by  spe-ahc  gravity)  of  polymer  in 
the  propellant  Figurt  28  presents  oat*  on  the 


ultimate  nrenath.  deformation  at  rupture,  cj>u 
hygroaoopKiry  typical  erf  these  propellants 

34- 1  Ultiwfa  atruagth.  Unplasticiad  niuo- 
cellulose  has  au  ultimate  tensile  or  compressive 
strength  near  10,000  psi  As  plasticizers  of  any  de¬ 
scription  are  add  d  the  strength  decreases  rapidly 
to  values  in  the  order  y  2000  psi  at  a  nitroceOu 


lose  oanwptratkm  of  S  g/ce  and  wmhnacs  to 
decrease  to  500  pai  at  0.7  g/cc. 


3S-*  Drkmtba*  m i  nvne  UnpS*«riciAed 


■ifd  nm»nu«(  bflXw,  a  Up- 


taring  in  either  tension  <k  conipie«ioL  »<■  to  (run 
10  percent  delormabon.  Flesticuers  Improve  tfcU 
property,  to  about  50  percent  «?  a  conceal}  atiou 
of  0.9  g  ec  sod  to  100  percent  at  0.7  g  cc 


3A-J  LiM  few.  !r  asnnvort  with  ether  thermo- 
piar*-*,  pjutk  moaopropdlants  have  a  tendency 
toward  coJd  few  that  become*  more  pronounced 
a j  the  polymer  coopers  t~aticr,  is  decreased.  This 
tendency  can  be  counteracted  by  cross-linking  the 
polymer  Bifuactioual  OH -reactive  chemicals  such 
u  diisocyantte*  and  anhydride*  have  been  used 
aucotaafuDy  ” 


3U  The  bygroscopKity  of 

anpl  a*  Seized  nitrotseUuloie  prapeSant  ii  rougLly 
the  mat  as  that  at  the  nitrocellulose  from  which 
it  is  made  Upon  adds  bon  of  pUtUcuers  the  hygn> 
■copicsty  ai  propellants  drops  Off  a  lithe  note 
rapidly  than  can  be  accounted  for  Vv  simple  diir 
Uoo  of  the  oiUccdluksie,  indicating  that  as  a  rule 
piastsdoen  tend  to  interfere  somewhat  with  the 
sorption  of  water  by  the  one  j  (rated  OH  groups  of 
the  niuocelluloae, 


B9-S.  IhwMlty  The  assumption  seems  to  be  gen¬ 
erally  food  that  do  volume  changes  occvr  during 
the  nusiu*  of  nwcceUulose  ptopelianu.  Thee- 
rascal  densities  are  computed  according  to  the 
formula 

I  -  t  i1  /sti 

-  w  J 

f  *1 

where  x<  u  the  weight  fracuoc  »nd  p,  the  density 
of  tugredi'nt  /  Measured  densiti-*  of  propellants 
tm.  juit*.  ckwe  tu  we  wcoputed  values. 

314.  > spot  psnsrt.  Nitrocellulose  itself  is 
noovolatik  plasticizers  in  general  do  have  mesv 
urabl  but  low  vipo*  pressure*.  Propellant!  in 
which  these  plasticizers  arx  used  should  and 
acnkjjy  do  Jtsve  vapor  pressure*  which  art  thr 
turn  of  the  partial  vapor  press 'ires  of  the  plaiti- 
deers  and  volatiles,  including  hygroscopic  trots 
tone  and  residua!  advents  The  sapor  pressure 
at  tutrogiyoeru:  over  ptvpeLianU  has  been  extern 
aively  U5vfc*ug*ted,”  11  without,  however,  subsiac 
tiai  agree  men!  u  to  iu  value. 


54- 7.  t.wrfbJejt  of  thermal  txgwwrtow  Aval! 

cbie  data  ind'catt  a  thermal  ntpansfcm  cceflk  rut 
for  propeiianii  comprising  largely  aitixceliuJam 
of  about  10- *  in/ln/*C.  This  is  considerably 
jreaier  than  toe  expansko  coefivciear  of  chamber 
material*  usually  used  Cellulose  ace  tab.  plastic 
has  about  the  same  e*|  nedou  cocfikicoi  as  nitre- 
cellulose  propellant,  and  this  explains  thr  use  of 
crDulove  acetate  a.  peripheral  inhibitor  for  many 
large  grain*  If  the  propellent  is  to  be  rase -bonded 
the  existence  of  a  considerable  diffe*ential  id  thr 
expansion  wh-fSdeMS  requires  that  the  propeiiarj. 
be  deformable,  have  low  modulus  and  large  defor¬ 
mation  {e  g  ,  BUU,  SP1A/M2), 

PtaodriSy.  Below  a  nitrocellulose  coocec- 
t'ation  o'  about  0.9  g  'ex,  propeOacis  can  be 
formed  under  pressure  at  temperature*  considered 
safe  foe  n.aavffc.i 01104  operation:  If  the  polymer 
coaceuti  atioc  it  much  higner  than  this  unit,  vola¬ 
tile  solvent  a  ust  be  used  in  the  maruiacl-uing 
process  When  volatik  solvent!  are  so  used,  they 
are  c.  itomarily  added  in  mfikiem  amount  tr  per¬ 
mit  mixing  and  granulating  at  ambient  Ump-.a 
tore  This  requires  adding  enough  solvent  to  lower 
the  rvJynier  oorsceotration  to  about  0.6  g/ec 

39.  TWnaal  piywfe  The  thermal  decora - 
poaitiOU  of  tuUoccDukvK-  propel! ants  ha*  been 
introduced  in  Paragiaph  36-2  under  the  subject  of 
atabflizer  Thermal  liability  of  piastre  mooopropel- 
lanu  is  measured  by  the  1 34.5 °C  r.eat  test”  for 
single-base  propellants,  by  the  120'C  hca:  test” 
lot  double-base  propellents,  and  by  the  Talianj 
test”  for  the  larger  grains  used  in  rockets  and 
gas  generator*  In  addition  a  surveillance  trst”  at 
150‘r  t65.5'C)  is  used  to  uxbcatc  the  useful  life 
of  propellant!  These  tests  art  all  run  at  elevated 
temperature*  in  orue  to  yeet  an  cod  point,  <ud  are 
subject  to  the  objoetjo;  that  tic  tcrupei  »wre  co- 
ef&cknls  of  the  decornj  -usition  re  actions  ate  ro* 
peeojjeiy  know*).  ID  the  134.5=i  heat  ten  a  life  of 
45  minutes  is  required  The  65.5cC  survetliancs 
life  ranges  from  about  1  year  for  a  propeliam  con¬ 
taining  40  percent  nitroglycerin  to  about  3  years 
foi  a  pjMOcIrrd  •jng’vhas*  p.opeilis;  A  srmpk 
of  40  percent  nitroglycenn  rporting  propellant 
stored  under  water  aicce  1S99  is  *tilj  stable  and 
reprodtsce*  its  original  baJlitocs.” 

The  development  of  supersonic  aircraft  carry 
iag  munition*  and  pr^veL! ant  actuated  devices  has 
focused  attention  on  it.*  life  of  plastic  inonopro- 
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h f-jrt  29  He'stwnthipi  .mo.-f  T,  f,  and  Q  for  O-jn  Prop»l:9nti 


pelia.nU  at  elevated  tcmpei;  lur<  •  1  ih  lest  so:  tins, 
known  as  the  autoignihor  us',"  is  comp&iat  vd> 
new,  and  not  many  data  art  available  %  dues  of 
2itO  I7  fo:  1  hour  arid  25'J‘F  for  6  baa  s  art 
typical  of  propellants  cotiltimng  40  percent  rutro- 

g.-.C?;!!;. 

40.  Ise'  Flastic  monopiupcllanl?  ha't  bee  t 
used  in  all  types  ot  engines,  inc’uding  guns,  rcO.et 
motors,  and  gas  general  its 

40-1.  Gun  propellants  V-ith  the  exception  of 
aniiqses,  and  some  signalling  fcuns  a*  well  as  mov 
mg  picture  md  television  w  tapons  where  (he 
S«vJ'.e  pufl  is  at  least  a;  irr,|*rtant  a?  an>  other 
eff  jrt.  ail  guns  use  prtHvliants  bawd  or.  nitrccdU  - 
It*:  Figun:  29  shows  the  relationships  among 
fianie  temperature.  force,  .  ,  ano  heat  of  ex 
plo  ion.  Q,  of  selected  gur  j  ripel'.aiks  from 
SI  I A  M2  data  sheets  From  these  data  it  is  ap 
parent  tha1  there  ii  no  systematic  ballistic  t  Ter 
ence  between  single  •  am  double  ba5«  propellants 
a  the  same  force  level  arid  indeed  the  force  and 


flame  temperature  >tat.  be  predicted  reasonably 
from  the  c alon'K  value  ’he  accuracy  of  such 
prediction  approaches  that  of  the  Hirschfckkr- 
Sheimin  calculation  (Paragraph  If  more  pre¬ 
cision  is  needed,  the  exact  calculator*  (Paragraph 
"7-5#  sin.  lild  be  pC»fvii"»*ed  F. -p-eliiiitlMOj  ..  art»l  llri- 
etrv  becomes  unreliable  nt  values  of  Q  somewhat 


f--elow  800  Cal  je  due  to  fa  lure  to  attain  Chemical 
equilibrium  at  the  kw  resulting  •.enij'i'rature  in 
the  calorimetric  bor*l 

Ther  •  is  a  difierencr  >n  physical  properties  h. 
twee.:  si  igit  tutd  ricub'e  bare  propellants  ai  the 
saji.t  force  level,  double -ba:-e  being  softer  because 
of  lower  polymer  content  in  ths  t'nited  States 
nitrocellulose  concentrr-'iMi,  of  jun  ittKie!I*iiu 


hast  been  held  So  a  minimum  of  about  I  3  g  <x 
except  ft.,  thin  webbed  ignition  ot  trench  mortar 
propellants  This  nas  necessarily  led  to  res. dual 
scNcnt,  paiuculai!)  m  propellant*  o  large  wth 
T  ha  -  ih‘-  high  [vilvmer  content  ijtit  real's  rt 
quirt  j  'or  furh.'ionmg  in  g *. ns  s  wii'  rsved  b)  fy 
fact  tha;  gun  propc'iams  v-  iii  polymer  eonc.nira 
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Uon  below  0.8  g  oc  have  long  been  used  ic  guns 
abroad  British  Cordite  S.U.  and  S.C.,  is  tm  ex 
ample  of  such  t  propellent  Residual  solvent  can 

V  -  4...J  .  ./t-r  .  -%*  _  - tt  _  _  .  _  „  ,‘.t  .V-  - 

t/V  Ui  ttr\i  r^yi  Ui  UU  £1.  ntU  t*IUi  p^JITUiCi 

ccexasntra.UoD  u  high  as  1.1  g/re:,"  and  propel¬ 
lants  with  polymer  concentration  be  lev.  0.9  g/oc 
ear  be  manufactured  without  volatile  solvent. 

4(M.l  fnfihati  tor  t—  Banel  life  and 
secondary  Cash  are  factors  in  the  selection  of 
propellants  for  cannon,  Ptobabiy  the  most  widely 
used  cannoc  propellant  in  the  United  State*  milt 
tary  services  it  M6  Hotter  propellants  art  uaeu 

higher  .TturrU  ynargv  »■  nwiHt»^  tH*i>  U 

Cieltvered  by  Mfi  Cooler  propellants  are  used  for 
gum  m  which  Mb  exhibits  muaete  flash  or  un¬ 
acceptable  barrel  eroeioa. 

years  iMR  propc1  ant  was  tfw  standard  propel - 
tasnt  for  small  s mi  Limited  barrel  life  in  high 


firing  rate  machine  guns  has  now  shown  that  the 
flame  temperature,  283irK,  of  I  MR  is  too  high 
Cooler  propellants  such  as  M18,  T,  -  2577'K, 
*ut  ik***  preferrai  A  rtcffu  JttKiy5'  i  «  f  fim  r> 
that  other  propellants  of  the  same  T,  as  M18  will 
yield  comparable  barrel  life. 

*•-1-3  rrnpiiwfi  for  as  tartars.  High  fore*  has 
been  the  design  goal  of  mortar  propellant*  Barrel 
erosion  appears  to  be  unimportant  and  flash  can 
be  tolerated  Flash  can  be  eliminated  by  using  a 
cooler  propellant,  but  at  the  cost  of  increased 
charge  weight  ” 

W-i  Rstiii  an*  gas  pamtot  pngtlMbi 

Prop  t  Hants  for  rockets  and  pi  generators  have 
usually  considerably  greater  web  than  gan  propel 
iwni  hive  For  this  reason  the  polymer  concent ra- 
bos  must  be  kept  low  in  order  to  permit  removal 
of  volatile  solvent  or  manufacture  without  volatile 
advent.  In  Figure  JO  are  shows  the  ma murid  ape- 
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ciiK  nnpu'iet  of  t  number  of  double- b*,v  rocket 
propellants  is  a  function  of  flame  temperance, 
T, ,  taken  from  selected  SPIA/M2  data  sheets. 
The  ngnificanee  of  the  line  shown  is  merely  that 
the  points  above  the  line  are  all  high  because  they 
wen  either  measured  at  higher  than  standard  pres¬ 
sure  ot  calculated,  while  those  below  rise  line  were 
measured  at  lower  than  standard  pressure  or  with 
insufficient  expansion  and  should  be  corrected 
upward  These  data,  representing  for  the  most  part 
propellants  in  service  use,  were  reported  before 
the  adoption  of  the  standard  practice  of  correcting 
measured  specific  impulses  to  the  tuvsdard  oondt- 
tx»s  described  in  Paragraph  8-4 

Burning  rales  of  double-base  rocket  and  gas 
generator  propellants  at  1090  psi,  70CF  as  a  func¬ 
tion  of  calculated  specific  impulse  art  shown  in 
Figure  31. 

4#- 2.1.  PNfk'Haati  far  rack  tot.  Design  specifi¬ 
cations  for  rockets  have  usually  required  propel¬ 
lant  burning  rates  becweco  0.25  and  0.5  inches  per 
-wood  in  suitable  geometries.  For  short  range 
application*,  short  burning  times  and  high  accel¬ 
erations  may  be  more  important  than  high  hum- 
out  velocity,  sod  propellant*  with  higher  bunting 
rate  than  <  5  acre  used  With  heavy  payloads, 
specific  impulse  is  frequently  sacrificed  to  take  ad¬ 
vantage  of  lower  flame  temperature  and  the  aaao- 
ostsd  ability  to  use  cheaper  materials  in  the  inert 
parts.  Piratic  monoprope&asu  in  service  ate  in¬ 
clude: 

M7  is  sued  in  the  thotitter-fired  rockets  coo 

mnnfy  known  am  hamtykam  HWi  fctiJTSSSg  r£iS  is 

aCstsed  by  using  potwsiirn  perchlorate  as  a  con- 
stittmm  in  order  to  satisfy  the  requirement  that 
bunang  be  complete  before  the  rocket  leave*  the 
launching  tube. 

IPS  was  widely  used  during  World  War  11, 
notably  in  the  3.0-tocb  HVAR 

X-9  k  a,  more  recent  high-rats  props tlaar  law 
aeaatove  than  JFN  id  bahktics  changes  with  chrqg- 
fag  temperature  and  praaaara. 

MIC  I*  twad  to  a  boomer  for  laoachtog  mod 
taegat  drone  aircraft. 

NS  ft  used  in  the  2, 73 -rise*  FFAH  "hflgfcty 

Monaa” 


OIO  is  used  to  the  Hos**stt  John  rocket  and  in 
the  booster  (fii.t  stage)  motors  for  the  Nike  Ajax 
and  Hercules,  Terrier,  and  Ts'os  ansa'  -* 

OGK  is  used  to  the  Terrier  rawamer  motor. 

TI6  is  used  in  a  tine  charge  projector. 


4**U.  riq  ilaatr  far  gas  .panctin.  As  con¬ 
trasted  with  rocket  motors,  gas  genemort  usually 
require  smaller  mass  flow  of  propellant  gas  for 
long  r  times,  therefore  lower  burning  rales.  The 
■Menace  is  qualitative,  and  for  sperialiied  appli¬ 
cation*  a  rocket  motor  may  be  best  fitted  with  a 
gas  generator-type  propellant  sod  vice  verto  Other 
requirements  far  gas  generator  me  bu  >  be  cool 
flame  temperariue  or  high  performance,  depend¬ 
ing  on  the  application.  Typical  of  double -base  gas 
generator  propellant  compositions  is  XS 3,  used 
to  the  Sidewinder  gas  generator 
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41.  Gcwti-aL  A*  *u  shown  in  Chapter  5,  eryv- 
tefirt*  uK«oprop«n»nu  havt  limited  feasibility  a* 
propellant*,  the  Wcnubom  being  due  to  the  diffi¬ 
culty  in  getting  crystals  of  the  tize  aad  shape  re¬ 
quired  lot  many  sppfccsboni,  aad  to  the  fact  that 
pure  chemtcah  do  not  yield  *  coe'unuous  ipectnan 
at  thennocheuucal  properties.  The  force  or  char¬ 
acteristic  velocity  at  a  given  crystalline  mooopto- 
peCam,  while  within  the  range  at  deainbfc  value* 
for  propeBaots,  it  seldom  opomcc  for  a  specific 
toe.  Tfacae  deficiencies  are  overcome  by  accepting 
an  available  particle  an  distribution  or  grist  of 
the  crystalline  moaopropeUant,  and  dispersing  it  in 
a  piasbc  mooopropeQaaL  Such  composite*  partake 
largely  of  the  properties  of  the  crystafiiae  com¬ 
ponent  The  function  of  the  plastic  it  to  act  aa 
a  necessary  diluent  to  permit  awsinfeg  the  de¬ 
sired  guoaictiy  with  acceptable  physical  proper¬ 
ties,  and  at  a  modifier  to  vary  the  tbermochnracai 
properties. 

The  field  of  guo  propetlants  n  the  only  field  in 
which  twtvmnnopfopc&anr-phaie  composites  haw 
been  widely  adopted.  Only  those  composite*  using 
nstroguamdme  have  been  standardised  by  the 
United  States  military  forces,  although  RDX  com¬ 
posite*'  have  been  demonstrated  feasible  fc*  gun 
and  rochet  propellants  and  a&Hnooriun  nitrate 
composite*1  have  been  studied  as  rocket  or  gas 
generator  prope&anta. 

Contatobm  rise*  explosive  ntgretficats;  «j. 
sfindidoic,  rntrogtycenn  and  ntaroguaeidtse, 
these  propefieuts  arc  cammonfy  known  as  "tripie- 
b me." 


phase  asaat  be  separately  formulated,  aa  *d  aa 
fee  Mai  ccmpoakton.  The  kqportmt  amUmtkm 
at  the  rrynafei*  phase  k  grid,  or  pertick  km 
aad  das  dkirihatkat.  Is  grarrtl  the  finest  pee- 
kk*  grtai  k  preferred  la  ths  cm  of  Wtragn— d 
dht  propeflaa  flonmfered  with  afeyt  oamratke, 

wfl  act  be  k  ths  Wafer  share.  TWs  mUbt  bt  kas 


binder  phase,  ri though  such  propellant*  have  not 
proven  unstable 

The  binder  will  have  tn  withstand  a  different 
set  of  mechanical  forces  during  drying  and  tem¬ 
perature  cycling  from  tboec  encountered  a  a  plas¬ 
tic  aooapropeOant,  due  to  the  pretence  of  the 
crystalline  material.  The  binder*  me  usually  well 
ptatsricued,  roughly  equal  weight*  of 

mtroeefftdoae  and  oxidant  pUsticorr  If  stabilizer* 
other  than  ethyl  centrabte  are  used  they  will  be 
found  is  the  binder  phase.  Potassium  aka,  such  as 
(he  sulfate  or  cryohtc,  may  be  added  to  inhibit 
flash. 

mown!**  weight  tit  the  cnmhntrinn  products  of 
nitrogtimlrtim,  nitroguani‘*inr  propefiaats  at  fee 
tame  level  cf  force  wtB  have  lower  flame  tempera¬ 
tures  T,  than  single -phase  prope&ants  At  the  same 
level  of  flame  temperature,  nitroguankhne  system 
propefltab  wiU  have  greater  force  than  tiagk- 
phaer  propellants  Advance  has  been  takes  cf 
this  situation  in  the  development  of  two  separate 
series  of  propellants,  for  reduction  of  recoodary 
manic  flash  and  for  increase  of  force. 

Secondary  muzzle  flash  is  due  to  the  cnnhiatre 
in  air  of  Ike  gases  issuing  from  the  mode  of  fee 
gun  after  project*  exit  These  gases  ah* ay*  con¬ 
tain  combustible*  mch  at  H*  and  CO  Among  the 
factor*  coatroStag  their  ignition  are  temperature 
and  omapomtion  at  the  manic,  lower  tempin- 
tnraa  and  lower  conn  no  of  combastibtm  decreas¬ 
ing  tke  tendency  to  produce  mussie  flask  Tie 

fends  to  dbntakh  flash  by  a  i  igativi  catalytic 
effect  oa  fee  nafew  cf  H*  and  CO  wife  aanee- 


BrMch  Corfere  N,  fhafemd  to  as  d«kf  Wretf 
War  11  Tht  A  reariras  U15A1  ore  fere  fes 


i 
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TABLE  *  NONrt-ASHTNC  PROPELLANTS 


De*«T.? 

Force,  f,  P*  )h  '!b 
Flame  temperarsirr,  T,.  ‘K 
On  neiecular  weight.  M 


Ml  5.4 1 

”  ™6S 
JJ2.00H 
254* 

2t  J 


TM 

!.S5 

535,000 

2404 

21  T 


COreNtt  N 

r«4 

3JS.W0 

2441 

21,2 


MS 

Tie 

JK.OOP 
2570 
22  C 


Uni  M6  and  correspondingly  greater  foroe  The 
reduction  in  flash  co '■spared  with  M6  is  therefore 
due  largely  to  the  reduction  of  the  combustible 
fraction  of  the  product  gas  The  corrctpoodinj 
German  oitroguanidine  propellant 1  H  corrode raHy 
cooler,  employing  daethyteoe  giycol  dn titrate  in 
stead  of  nitroglycerin  »  the  plasticizer  Since 
M15A1  has  greater  force  than  M6,  a  somewhat 
cooler  propellant  could  still  he  used  efiectrseh  fen 
guns  chambered  for  M6  propeCam  Three  mon- 
Sashing  nitroguandne  prcpe&ann  art  shows  fen 
comparison  with  Mb  in  Table  9. 

Two  avenues  ace  open  for  fonntdatiag  coaler 
aitroguamdioe  propellants  Qc*  u  to  nxmx  the 
fraction  of  nitroguamdine  m  the  propeOant  at 
the  cost  of  a  decreased  binder  fraction  This  may 
be  Knitted  by  a  coerespondisg  edrerse  eSect  cm 
physical  properties.  The  other  course  is  to  de¬ 
crease  the  calorific  value  of  the  binder  phase  by 
substituting  a  cooler  plasticizer  for  that  presently 
used  Such  a  coder  plasticizer  may  be  dsethyieoe 
glycol  di nitrate  as  in  the  German  formulation  or 
a  cooler  mixture  of  nitroglycerin  and  fuel-type 
ptaaficiarr 

4d-2.  K|k  Ism  ahregn'-"  Joe  prapefiteOa. 

For  certain  field  uses  it  is  desired  to  give  a  pro¬ 
jectile  the  highest  possible  muzzle  velocity  To  a 
first  approximation  the  muzzle  velocity  should  be 
proportional  to  the  force  of  the  propefiaat.  The 
hmiutioa  on  attaermem  of  muzzle  velocity  by 
increasing  propellant  force  is  that  gun  erosion  is  • 


function  of  combustion  temperature  and  increases 
rapidly  above  some  temperature  level  An  eco 
noetic  balance  between  muzzle  velocity  and  gun 
weai  for  weapons  of  J  inch  or  larger  bore  indi¬ 
cates  that  the  cost  in  barrel  life  is  too  high  to  pay 
for  added  muzzle  velocity  if  the  gun  chamber  gas 
temperature  is  higher  than  about  3000°  K  For 
rapid-fire  weqicns  the  economic  chamber  gas  tem¬ 
perature  it  umsaderabiy  lower  than  3000 'K 

As  shewn  in  Table  10,  propellants  containing 
mtrogttaakhne  are  considerably  better  than  pro- 
pefiams  without  Mraguamdou  in  the  attaintiwtti 
cf  tote  within  a  prratinrd  maximum  gas  tempera¬ 
ture  The  piupeUams  M 1 2  and  T3f>  contain  nitro- 
gusaedine.  M 10  and  M2  do  not  contain  it 

High  force  ntngsawfait  propellants  were  ap¬ 
parently  original))  developed  in  the  United  State*  * 
Further  development  of  this  type  propellant  de¬ 
pends  or  the  ability  to  increase  the  fraction  of 
rutroguanidinr  in  the  propellant,  presently  limited 
by  physical  properties 

44.  Physical  properties.  The  physical  proper¬ 
ties  of  these  composite*  tUflrr  coosideraWy  from 
those  of  the  plastic  monoproneUantt  They  arv 
opaque,  chalky  white  in  color  unless  glazed,  and 
exhibit  generally  lower  physical  strength  As  may 
be  seen  by  comparison  with  the  fuel  binder  com¬ 
posites,  Chapter  9,  the  decrease  in  physical  prop¬ 
erties  is  no*  necessarily  due  to  the  vaiume  percent 
of  tiller  It  is  more  probably  due  to  the  shape  of 
the  njtroguattkhne  crystals,  which  are  needles 
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With  tn  optimum  crystal  shape,  a  volume  frac 
tine  of  tQ  percent  or  a  weight  fraction  of  a  littk 
mou  than  <0  percent  should  be  feasible  without 
serious  dcpadation  of  physical  properties  or  manu 
Tvtturabitity  As  the  nttrcguAriiairic-fillcd  propel 
‘ants  are  ciMiomanlv  Ttanufacturtti  by  solvent 
estruiloc.  nonparalte!  oritniation  of  needles  may 
be  expected  to  cause  bridging  and  «<>  interfere  with 
norm  1  chrinktgt  during  drying  The  resulting 
residual  stresses  in  the  binder  phase  may  explain 
the  physical  property  deftekneks  of  these  propel- 
Junta.  Nitroguanidine  has  been  prepared*  with  • 
race,  favorable  crystal  habit  which  tmp'oved  the 
manufacturability  of  existing  formulations.  It  :s 
interesting  to  note  that  in  the  early  A  met  Kan 
studies,  experimental  propellants  containin’  up  to 
R0  percent  nitroguamdme  were  fired  in  a  tiliery 
,'eces  at  Aberdeen  Proving  Ground  .’ 

45.  Thanaal  properties  The  erystaliine  morvo 
propeliarc.  u-r  generally  more  stable  than  plasoc 
BKMMpnype&anu,  becoming  cj stank  only  near 
their  melting  points  The  aging  of  coropopies  con¬ 
taining  them  is  therefore  due  mainly  to  the  bind:.', 
which  is  a  plastic  monopropellant  Stability  tests 
dependent  on  me  as  unrig  the  evolution  of  oxides 
rr!  nitrogrn  from  a  fixed  weight  of  propellant  at- 
dkate  better  stabditv  for  these-  composites  than 
for  ordinary  nhrocsllukwe  BK»opiopeF.*ntc.  this 
indicated  increased  s'AouiC)  o*y  not  oe  real  Auto¬ 
ignition  temperatures  for  various  lengths  of  expo¬ 
sure  may  be  expected  to  be  higher  than  for  the 
binder  alone,  due  to  this  same  binder  dilution, 
provided  that  the  melting  points  of  the  cry  taliine 
rooooprupellants  are  not  too  closely  approached 
in  use  test. 

46.  MatibrtwUn  pratw-  The  manufacturing 
process  used  fee  the  nrtroguar.kline  propellants  in 
the  United  States  has  been  uniformly  solvent  ex- 
trawr.  The  nitrocellulose  concentration  in  the 
binder  phase  is  low  enougn  to  suggest  that  a  sob 
ventks*  procedure  rouid  be  used  The  amount  of 
solvent  used  t»  quite  low  and  the  propellant  dunng 
tamme»  is  very  soft  to  that  it  is  sometimes  neces¬ 
sary  So  iy  mi  Hutonl  turand  faiiiwy  Rtfft 


cutting,  n  order  not  to  deform  the  cross  section  at 
tin  cut  Removal  of  solvent  from  the  composites 
is  much  more  rapid,  due  possibly  to  diffusion  of 
solvent  within  the  gtasn  along  the  ciystal-plastic 
interfaces  This  does  not  mean  that  drying  times 
should  be  reduced  In  order  to  make  a  goed 
quality  grain  it  is  necessary  to  use  k>w  :r  drying 
temperanires  and  times  comparable  to  thos-  for 
coo vc rational  smokeless  powders  in  order  to  avoid 
steep  solvent  graebrnts  and  resulting  uistortion  and 
cracking 

A  photomicrograph  of  a  cioss  section  of  a  intro- 
guanidine  propellant  grain*  is  shown  in  Figure  ?2 
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47,  No  oof  manufacturing  process 

»iii  produce  ibe  *nott  spccvun  of  piastre  mono- 
propellap><  As  is  it*  cave  *  ii  commercial  inert 
thermopl»stics,  a  wide  varuAy  of  manufacturing 
processes  his  been  developed  to  make  different 
propellant  grai.i}  Nearly  every  fabrication  proc¬ 
ess  uied  by  the  commercial  planter  industry  has 
been  used  lor  propellants  ;n  fact  some  processes 
used  for  propellants  have  not  yet  been  used  by  the 
plastics  industry  f  or  any  given  process  the  dif¬ 
ference  between  use  for  propellants  and  use  for 
inert  plastns  is  that  the  consequences  of  a  fire 
during  processing  propellants  axe  severe  and  ex¬ 
traordinary  pt ecauoons  must  be  taken  to  prevent 
fires  and  to  control  them  if  they  do  occur  Aside 
from  details  in  the  design  of  equipment,  the  most 
striking  feature  of  propellant  manufacturing  proc¬ 
esses  has  been  .he  requirement  to  handle  the  ma¬ 
terial  in  process  in  batches  of  fuiite  size,  separated 
from  other  operations  by  distances  such  that  the 
kiss  of  a  charge  and  its  con  tuning  eqtnpniem  will 
not  email  propagation  to  neighboring  operations 
This  requirement  has,  until  recently,  discouraged 
th  development  of  continuous  processes,  and  is 
soil  a  problem  to  people  currently  working  on 
continuous  processes 

Important  processes  used  for  nitrocellulose  sys¬ 
tem  propellants  are  solvent  extrusion,  solvent 
emulsion,  rolling  of  sheets,  joiventless  extrusion, 
the  cast  double-base  process,  and  slurry  casting 
Since  nitrocellulose  is  oomroonly  manufactured 
also  at  the  propellant  facility,  its  manufacture  too 
is  described  here. 


4*.  NMraeeBtdoae.  The  process  installed  in  the 
ordnance  works,  and  also  widely  used  comOief- 
aallv,  ts  the  Du  Font  mechanical  dipping  process  1 
Continuous  processes  have  been  installed  by  one 
or  more  commercial  producers  bu*  the  details  have 
not  been  published  It  is  believed  that  these  proc¬ 
esses  ate  engineering  adaptations  of  the  mechani 
al  dipping  process  The  flowsheet  of  the  Du  Pont 
process  is  shown  in  Figure  33 

Cellulose  in  the  form  of  cotton  linters  is  dried  on 
a  nr  tog  bell  in  a  tunnel  dtier  to  a  moisture  con¬ 
tent  welt  below  1  percent.  Alternatively,  sheeted 
wood  Cvil'ilose1  may  be  dried  in  the  drier  and  then 
shredded.  The  dried  cellulose  and  mixed  nitrating 
acid  are  introduced  concurrently  into  the  nitrator 
(Figure  3<j  where  the  cellulose  is  converted  to 
nitrocellulose  At  the  end  of  the  nitration  cycle, 
about  25  to  30  minutes,  the  nitrator  is  discharged 
by  gravity  to  the  centrifugal  wringer  (Figure  35 i 
where  the  spent  acid  is  removed  Part  at  the  spent 
acid  it  tent  back  to  the  process  for  reuse  after 
butting  sp  with  fresh  acid  The  remainder  it  re 
worked  to  remove  from  the  system  the  water 
picked  up  from  the  nitration  The  wrung  nitro¬ 
cellulose,  wet  with  spent  acid,  is  quickly  drowned 
and  transferred  to  the  boding  tubs  (Figure  36) 
There,  for  a  period  of  sevcial  hours’  depending 
on  the  degree  of  nitration  of  the  nitrocellulose,  it  is 
busied  in  the  weak  acid  resulting  from  the  dilution 
of  the  spent  and  net  removed  in  the  wringing 
operation  This  boiling  treatment  serves  to  hydro 
lyre  any  sulfate  ester  formed  during  the  nitration 
The  oiuoceuuJoie  i>  next  pulped,  tj  ir.  one  or 
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figvf*  35.  NitrotaRukoa  Wtingart 
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iTioii  Juititn  ent;  'it  simitar  to  ft  sc  used  ir-  Ox 
papcrma'icing  UKiOstry.  and  final!)  “pea. hid  oj 
boiled  in  a  sJigStJs  alkaline  solution  to  rreultaJize 
and  remove  any  residual  acid.  Thorough  washing 
completes  the  purification  cycle  In  ordei  to  accu 
mulate  lots  o!  sufficient  size,  or  If  produce  a  mixed 
nitration  grade  such  as  military  blend,  poacher 
batches  are  ble  xkd  in  blending  tube  1  fsc  finished 
nitrocellulose  is  ccntn/ugaliy  wrung  to  a  water 
content  o f  about  25  to  30  percent  for  i/^nsfei  «.j 
propellant  operations 

4I-1,  Nttrogec  cowleirt.  The  degree  of  nitration 
is  controlled  by  the  equilibrium  between  the  nitro¬ 
cellulose  arvd  the  spent  aerd  '  As  the  acid  pene¬ 
trates  the  cellulose  paitrcle  the  surface  is  first 
nitrated  to  equilibrium  with  the  f.csh  acid  The 


a*. id,  becoming  utiuteo  t>>  the  residual  moisture  tc 
the  cellulc-se  and  a' at  by  the  by-product  wa’er 
of  the  nitration  reaction  penetrates  on  tnrough  the; 
particle,  leuv-ing  behind  rutrocellii.osc  of  slighCv 
decreasing  dejw  of  substitution  7  ne  first  rmra 
tifi  reaction  is  quit"  rjpiG.  but  subsequent  equi¬ 
libration  in  »cuj  of  d Jfcrent  composition  is  much 
slower  and  is  not  cwtip'e's  h;-  the  end  of  the 
nitratjoti  operation  For  thus  fenson,  toicful  frac 
UoaaisoR  of  r.itroceliukt-ie  reveals  a  spectrum  of 
nitrogen  contents  in  the  nitrorcliuto*'. 

Cotton  lintcr*  fiotrs  uhich  have  thin  cell  walls 
arid  enough  twist  to  keep  them  eeH-ntiaW)  apart  in 
the  nitidtor  product  a  nitrocellulose  of  a  narrower 
substitution  spectrum  ilan  wood  ecliulose  shreds 
where  regions  of  compaction  are  found  The  ccli'i- 
losc-acid  lauo  for  wood  cellulose  is  high.t  thwii 
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ihaf  for  cciiion,  resulting  m  a  greater  change  of 
acid  strength  during  *  lie  miration  operation  This 
3tfdi  to  :hv  v-'dth  of  the  nitration  spectrum  for  the 
V.OOG  nitroccilulosc  S  inaSly,  while  cotton  cellulose 
is  almost  pure  polymerized  dextran.  wood  lellu 
lose  usually  contains  an  admixture  of  other  sugars 
such  as  xylan  and  mannar>  These  become  nitrated 
and  their  nitrates  burn  like  nitrated  destrart  but 
they  have  secondary  effects  or,  the  physical 
strength  of  the  polymer  and  its  solution  properties. 
For  most  purposes  wood  nitrocellulose  is  a  com¬ 
plete  substitute  for  cotton  nitrocellulose 

Transpiration  of  moist  air  in  the  wruig :i  can 
cause  a  lowering  of  the  nitrogen  level  by  denitra¬ 
tion  A  Jight  hydrolysis  occurs  also  in  the  boiling 
operation  Both  of  these  effects  rr  miner  in  a 
well-conducted  operation 

48«2  Solubility.  At  12.6  percent  nitrogen  or 
12  2  percent  nitrogen  nitrocellulose  is  miscible  rn 
all  proportions  with  ether  alcohol  Since  the  nltto- 
grn  content  measured  is  tne  average  across  a  spec¬ 
trum,  a  poorly  nitrated  cellulose  with  average 
nitrogen  content  in  the  soluble  range  may  contain 
fractions  either  more  or  less  highly  substituted 
than  are  completely  miscible.  In  such  cases  this 
would  be  detected  by  a  residue  in  the  solubility 
drierminabori  1  Guncotton  contains  a  small  frac¬ 
tion  that  is  soluble,  either  by  resson  of  low  sub¬ 
stitution  or  low  degree  of  polymerization. 

48-3.  Viscosity.  The  viscosity  of  nitrocellulose 
is  determined  by  the  viscosity  (degree  of  polymcri- 
jalior)  of  the  original  cellulose  and  by  the  reduc¬ 
tion  of  the  degree  of  polymerization  incident  to 
the  nitrocellulose  manufacturing  operations  Most 
t,H  i*»i*  icuuUki]i  ocvui*  ouitu*  «nc  rmraiKW) 

vfchcrc  it  is  (Jependcr.i  on  the  nitration  tempera- 
lure  Higher  nitrating  temperatures  result  in  lower 
vise  out)  rutrocclluloscs. 

48-4.  Sigaiftraart  «f  afcroccValoae  properties. 

Of  the  three  properties  diseased  above  only  the 
degree  of  nitration  has  ballistic  significance,  affect¬ 
ing  the  molecular  weight  and  temperature  of  the 
combustion  products  In  order  to  manufacture  a 
piopciiani  of  a  specified  force,  F ,  <~ir  specific  im¬ 
pulse)  one  must  either  have  the  proper  nitration 
of  the  nitrocellulose  or  compensate  for  the  differ¬ 
ence  between  the  prescribed  nitrocellulose  and  the 
nitrocellulose  at  hand  by  adjusting  the  proportion 
of  onidant  plasticizer  and  fuel  plasticizer.  In  a 


volume  production  operation  it  is  preferable  to 
maintain  ihe  nitration  degree  of  the  nitrocellulose 
constant,  by  control  of  the  nitration  operation  and 
by  blending,  rather  than  to  adjust  the  foimula 
The  viscosity  and  solubility  Have  secondary  effects 
in  the  it  inufaetunng  operations  in  th.-t  they  effect 
the  amount  of  solvent  (sod  plasticizer)  required 
to  work  the  propellant  This  is  particular^',  'rue 
during  the  solvent  extrusion  operation  w,  he 
applied  pressure  is  constant  and  requires  approxi 
mately  constant  plasticity  of  the  green  (solvent- 
>ve;l  propellant  The  finished  dimensions  of  the 
propellant  are  desermined  by  the  solvent  content 
and  the  die  dimensions,  so  that  if  the  plasticity  is 
controlled  by  varying  solvent  content  the  dimen¬ 
sional  control  is  forfeited.  Similarly  for  sol  sen  tie  is 
extrusions  the  finished  dimensions  arc  controlled 
by  extrusion  temperature  and  die  size,  and  ii  tem¬ 
peratures  are  changed  to  control  plasticity  during 
extrusion,  control  of  dimensions  is  less  good  For 
these  reasons  nitrocellulose  specifications  call  for 
control  of  solubility  and  viscosity  as  well  as  con¬ 
trol  of  defret  of  nitration. 

49.  Solvent  extract  a  In  Figure  26  (page  43), 
the  line  55  divides  the  polygon  PABC  into  two 
regions.  Below  55  the  physical  properties  of  die 
system  arc  such  that  the  composition  can  be 
worked  and  formed  at  tenable  temperatures 
Above  the  line  55  they  cannot  be  so  worked.  A 
composition  .V  in  Ihe  upper  region  can  be  made 
only  by  a  process  using  a  volatile  solvent  which 
is  subsequently  removed.  A  propellant  made  by 
a  volatile  solvent  process  always  contains  some 
residua'  solvent,  and  residual  solveri!  is  one  form 
of  f»jfi  _irjzFf  Onj  'hould  fir?.!  cstsWish  5 
composition  X'  such  that  the  addition  of  the  re¬ 
sidual  solvent  to  X'  will  produce  X .  To  the  com 
position  X'  is  added  enough  volatile  solvent  to 
enable  the  propellant  to  be  processed.  This  results 
in  the  composition  X"  in  the  mixer  which  is  well 
below  the  line  55  Composition  X"  is  frequently 
so  far  to  the  left  of  line  PH  that  the  mix  will  not 
bum  without  air,  and  the  hazard  situation  is 
thereby  somewhat  diminished.  Solvent  evaporates 
during  processing  and  the  composition  ot  the  ma¬ 
terial  in  process  creeps  back  toward  X  it  must 
not  cross  the  line  55  until  after  the  last  forming 
operation  has  been  completed  Final  drying  leases 
the  material  a’  composition  X .  Note  that  X\  X , 
X",  and  F  arc  col  linear 
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For  nitrocr Dukac*  used  for  propelianu  tr  the 
United  States  the  position  of  die  line  SS  corre¬ 
sponds  roughly  to  a  mtrocitluVvjr  coocentiabon 
(weight  fraction  multiplied  by  propellant  density) 
in  the  finished  propellant  of  about  10  g/oc.  A 
voJatik  Movent  process  must  be  used  for  ail  pro¬ 
pellants  with  a  greater  nitrocellulose  concentration 
than  this  The  solvent  extrusion  process  is  some¬ 
times  used  for  propellants  with  lower  nitrocellu¬ 
lose  concentration  in  order  to  reduce  the  calorific 
value  of  the  mix.  Because  the  residual  solvent  con¬ 
tent  increases  with  polymer  content  and  with  the 
web,  the  •olvent  extrusion  process  can  be  used 
only  on  grains  with  fairly  thin  webs.  It  is  w»del> 
ur-ed  for  propellants  for  guns,  including  small  arms 
;ud  sporting  pieces 

The  Ikn,  sheet  of  the  solvent  extrusion  process 
:s  shown  in  Figure  37. 

7  fie  esKstttial  operations  of  the  solvent  exuu- 
nuo  process  are  mixing,  forming,  removal  of  sol¬ 
vent,  and  finishing.  To  these  operations  have  been 
added  a  number  of  auxiliary  opcraticr-s  designed 
to  save  operation  time  and  improve  the  quality  of 
the  product  As  indicated  by  ihe  dotted  lines,  these 
auxiliary  operations  are  not  invariably  used 

4W.  Mfatbig.  The  heart  of  the  mixing  opera¬ 
tion  is  the  sigma  Made  mixer,  shown  in  discharge 
position  in  Figure  38  To  this  mixer  are  added  ali 


of  the  ingredients  and  vofvmt*  used  in  the  par¬ 
ticular  propellant,  and  it  is  the  function  of  the 
mixer  to  mix  them  thoroughly  into  a  single  homo¬ 
geneous  plastic  phase.  The  sigma  blade  mixer  ir. 
capable  of  a  good  mixing  job  but  it  has  certain 
disadvantages.  The  shahs  of  the  sigma  blades  pom 
through  the  end  walls  of  the  mixer  below  the  upper 
surface  of  the  material  being  mixed  The  treat¬ 
ment  of  the  glands  through  which  the  shafts  pass 
is  different  for  different  types  ot  propellant  being 
processed  For  double-base  propellant  it  is  cus¬ 
tomary  to  remove  the  packing,  leaving  a  clearance 
between  'he  shaft  and  the  wall  aperture.  A  small 
amount  d  the  mix  leaks  out  through  this  clear¬ 
ance  and  must  be  collected  and  destroyed  ft  is 
recognized  that  a  mixer  «• ithout  submerged  glands 
would  be  preferable. 

49-1.1  Fr  i'  Mil  Jug  lyodlwvw  The  ingredients 
may  be  added  singly  or  in  combinations,  if  a 
combined  add  is  made,  a  premixing  operation  is 
required.  Thus  nitrocellulose  is  premized  with 
alcohol  by  displacing  the  water,  present  in  the 
nitrocellulose  as  received,  in  a  hydraulic  press 
equipped  to  pass  alcohol  through  the  block  under 
pressure  The  dehy  press  has  two  rams  The  basket 
is  first  filled  with  loose,  water-wet  nitrocellulose 
The  press  is  then  closed  and  the  nitroceUtdoae 
compressed  to  a  "block''  to  express  a  portion  of 
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(he  water.  Alcohol  i»  then  pumped  throngii  the 
Mock,  dwphxing  the  remainder  of  the  water.  The 
flayiiniw  block  is  broken,  sorortanes  in  m  "Nock 
breaker”  or  picking  roll,  wroetunn  by  hand  dur¬ 
ing  the  charging  of  the  sigma  Made  mixer,  some- 
tames  by  the  sigma  blade  itself  during  the  mixing 
operation. 

Addition  of  nit  -oglyceriri  or  ether  oxidant  plat- 
tkaaer  to  the  dehydrated  nitrocellulose  »  usually, 
but  not  always,  aocompiixbcd  in  the  Schraeder 
bowl  sho. n  m  Figure  39.  The  purpose  of  this  is 
to  avoid  the  pretence  of  a  free  ratrc*Jycerin  phase 
in  the  sigma  Made  mixer  at  any  tune.  Nitoceilu 
low  and  nitroglycerin  are  sometimes  mixed  in 
water  slurry,  followed  by  drying  and  re-wettiog 
with  solvent  before  mixing  in  the  rigma  Made 

Fuel-type  phniastts  and  solvent- soluble  addi¬ 


tive*  may  be  dissolved  in  the  solvent  before  adding 
to  the  sigma  Made  mixer 

The  sot  vent*  used  in  me  United  States  tor 
solvent-extrusion  process  propellants  are  usually 
3  ether :  1  alcohol  by  weight  for  single-base  pro- 
pedants  and  about  I  acelooe :  1  alcohol  for  double- 
base  Other  solvent  systems,  including  esters,  are 
feasible. 

4*.  1.1.  Paw  dgma  Made  oris**  apwaHana. 

Post-sigma  Made  mixing  ope  rations  are  alto  some¬ 
time'  employed  to  shorten  the  rigma  blade  mixer 
cycle  and  tc  -nopn-vt  the  quality  of  the  mix  The 
macerates,  ».«wn  id  Figure  40,  works  the  mix  oo 
toothed  rods,  subject!  it  to  a  vigorous  tearing 
action,  and  rtdven  the  Milk  density  of  the  finished 
sigma  Made  charge,  particularly  if  the  fiber  struc¬ 
ture  has  not  been  completely  destroyed  at  that 
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point  TV  macaroni  or  Kreeeteg  pm*  worts  (V 
propeCant  by  Sow  through  screens  aod  dies,  «ot>- 
yeroof  it  to  shear  farce*  it  ierret  abo  to  fiber  cm 
ificoByttely  caSoided  pvtkks  o t  atrocdfadotr 
rsasafateg  dtet  ansiag  at  well  as  foreign  bodies. 

49  2.  Ferarfag.  The  cyfiadr.  a!  surfaces  at  the 


either  hostaontel  or  vertical  Ijfdrodk  presses.  The 

(loheat  wet}  strand  at  sorb  mat  iwfioa  that  on 
sabeeqacat  drying  (be  final  d  lira  wot  wig  be  a* 
designed  The  dkiakage  at  propeSaat  is  danat 
aatitdy  n  the  cross  actios  and  the  mimes  d 
pupil  aad  whtai  are  mgwfstianalHiy  dfi- 
ttwe,  to  the  desired  gram  dmrawpaa  an  rssd By 

The  charge  far  the  firaateng  pres*  is  prepared  by 
ea^aafag  a  a  btodang  |inn  whtch  is  a  bydraaHa 
press  working  tgaiM  a  cfaaed  cad.  A  waiter 

and  rahriag  the  hlnrfriag  pm 

am  cuatmng  wdveaL  The  irjuipaiat  fas  thh 
eerie*  with  the  graia  length.  A  ctetteg  asachtec 
ward  for  gon  prnpcBsnt  is  shown  is  Ftpat  42. 
The  caaiaf  kafoes  an  ■osaanl  oa  a  rotating  that, 
aad  the  strand  is  fed  iaao  the  asarhter  by  feed 
rmm  vjmMtimUKn  **#  #5  QMQm  wo 


4M,  ftemeal  at  aafiwaL  TV  mnrhatesai  of 
ntatm  isatoval  tawiws  ddssas  of  the  afwa 
to  tea  sarface  of  the  grate  aad  craporatkxi  from 
ate  grass  The  me  at  thiuaoa  controls  ase  «ysg 
not,  (he  assCaoe  of  the  grate  being  aonnaBy  dry. 
Wteriahl  mmgmUam  *y  aste  rapafiy  tea 
aaptestidasd,  aad  tele  webs  dry  to  Sow  rewteal 


aaaad  with  aieroglyogia.  Capital  aad  operating 
coals  to  redans  than  safety  far  reuse  oca  neigh  the 
nates  of  tee  reoonssd  aohwafe.  TV  taows  at 

MW  MQ  wffl  aCSt  tm,WK  mfmj  pMQCQK 

jaoja fhate  is  otseddhrahfy  less  teas  that  osed  for 


from  singh-baae  powders,  (he  ftwai 
neat  rtnori)  way  be  tceonpibtel 


in  order  to  shorten  the  total 
eraser  assist*  nbaa  <Sffuskta  by 
nature  fry— lino  of  an  nycinoa 
propdliest  sarface  A  fi ml  sir  dry 


IT, 


TV 


oa  tea 
res  the 
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Kfmm  41.  SwaaNa  Barrel 


m  OCR;  Cor  rawrm.  iachafiag  Ml,  M10,  M12, 
Me,  Mi4,  IX-ii;  doabi*  hww  g*m  "rvprihem  m- 
cMIr  M2,  M5.  M9,  the  British  Cortote*  CD 
WA  WM;  douMe-bwe  rocket  propellant  M7.  Data 
dwe  for  aH  of  dot  propellants  may  be  inmd 
M i  the  fttyhw  Maaaaf  SMA/M2.  Carting  pow¬ 
ders  wed  as  inssrwerSases  in  the  cast  doubk-bw 
puwn  may  be  made  by  solvent  extrusion,  as  are 
ahso  the  triple- baae  gun  propellants  dtacasced  is 
Chapter  7. 

«.  Brfroai  iTiirrnTr  (BaS  Paste?  pwa.  A 
■wad  and  ratScaSy  dltwnt  process* '  net  a 
vahtih  solveat  to  Cons  propellant  as  spheres  rod 
rotated  shapes  sold  as  Bad  Powder*  The  how 
ahert  of  this  process  is  shown  n  Figure  44,  and 
the  product  to  Figaro  45. 

"Tniriewt  at  Oaa  Matosw  Ch— isal  Caiwrota 


with  the  forwiejxon  o#  spheric*  pankm  or  tvtro- 
ceSuioM.  The  equipment  for  this  operation  cob 
prises  a  doted,  steam-jacketed  vrsarl  or  “still," 
shown  in  Figaro  46,  equipped  with  puddte-badfc 
or  double  turbine  agitation  and  an  auxiliary  sol¬ 
vent  recovery  system  Nttroceflulosr.  is  dispersed 
in  a  noosotveot  (water)  and  s  solvent  (ethyl  ace¬ 
tal e),  a  stahiloer  (dipbenylamins)  and  perhaps 
other  additives  are  added.  Additives  introduced  at 
this  point  nut  be  issofohle  in  water  and  if  crystal- 
hoe  they  must  have  a  partide  tiro  that  is  null  com¬ 
pared  to  the  size  of  the  bushed  propellant  sphere* 
When  aaxed  and  heated  the  ingredient*  fora  sepa¬ 
rate  water  and  Iscqacr  phases.  Stabilization  of 
reclamed  nitrocellulose'  or  even  of  iBrotnpirtrfy 
new  astroceOuloae  *19  *«*“*"g  aasafi 

awoaats  of  innrganir  acid  can  be  arrraapliibed  in 
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tHs  km  viscosity  lacquer  phase,  <.*ing  chalk  as  an 
additive  to  neutralize  the  acid  When  a  smooth 
lacquer  has  formed,  a  protective  colloid  is  added 
id  form  aa  eanihioo  The  sue  and  sue  distribution 
of  the  lacquer  particles  in  this  emulsion  arc  con 
trolled  by  the  kind  and  degree  of  agitation  A  salt 
is  then  added  to  draw  dissolved  and  emulsified 
water  by  osmosis  from  the  lacquer  droplets  Omis¬ 
sion  of  the  salt  results  ir  *  lower  density  product 
The  solvent  is  distilled  off  by  railing  the  tempera- 
tart  ard  is  recovered  for  reuse.  When  solvent  re¬ 
moval  is  complete,  the  slum  is  cooled,  dewatered, 
and  washed  to  remove  the  salt  and  protective  col¬ 
loid.  The  washed  product  is  resiumed  and  pumped 
to  the  Screening  operation 

Screening  is  done  wet  on  a  series  of  vibrating 
or  rotary  screens  yielding  one  or  more  sue*  for 
further  processing  to  different  end  products  The 
grain  size  range  of  any  cut  is  within  about  10  to 
IS  percent  of  the  average  of  the  cut. 

Larger  spheres  and  more  uniform  sixes  may  be 
produced  by  a  modification'  *  of  the  above  proc¬ 
ess  in  which  the  lacquer  is  made  up  in  the  absence 
aonsotven^  extruded  via  a  metering  pomp  and 
orifice  plate  as  strands  into  *  prop  ortionate  stream 

VS  wCtSStjbrCIl?  CvniaSSli^  UK  puicuivt  kUUUlU. 

and  art  to  square  cylinders.  The  cylindets  assume 
a  spherical  shape  during  transfer  to  the  stilt  where 
deawfy  adjustment  (salt)  and  solvent  removal  are 
accomplished  as  described  above 

Sphere*  SO  to  73  micron  in  diameter  suitable 
for  slurry  casting,  described  below,  me  made"  " 


by  emulsifying  at  high  shear,  heating  the  emulsion 
to  a  temperature  well  above  the  atmospheric  boil¬ 
ing  point,  and  flash  evaporating  the  solvent.  These 
spheres  nay  then  be  plasticised  as  described 
below  They  are  usually  coated  with  a  small 
amount  of  casting  plasticiser  prior  to  drying  to 
minimise  accumulation  of  a  static  charge  when 
dry 

J*-Z  Iwtatpaiadaa  «f  phaMnn.  Screened 
cuts,  still  in  water  slurry  ,  are  weighed  pycnometri- 
caiiy  and  pumpeo  into  a  second  stilt  The  slurry  is 
again  .sealed  and  plasticizers  (fuel  and 'or  oxidant) 
are  added  "  "  If  rutroglycenr  is  used  it  is  added 
in  the  form  of  solvent  se'ution  The  plasticizer,  or 
plasticizer  solution,  is  emulsified  before  addition 
tc  the  slurry  Penetration  of  the  solvent  into  the 
nitrocellulose  spheres  is  *  time-temperature  func¬ 
tion  and  may  be  controlled  to  kav<-  a  plasticizer 
gradient  within  the  granuk  When  the  impregna¬ 
tion  has  been  completed  the  solvent  is  terooved, 
having  a  controlled  amount  of  solvent  in  the 
granules  tc  facilitate  the  coating  oprraiion 

FWsMdr  aperabous.  Coating  agents  are 
again  added  as  emulsions  and  the  operation  of 
coating  is  performed  at  controlled  time  and  tem¬ 
perature. 

In  order  to  get  more  closely  controlled  web,  the 
coated  propellant  may  next  be  passed  through 
sizing  rolls  winch  flatten  the  largo  balls  The  prod- 
tact  is  then  dried  and  finished  in  the  same  way 
as  the  corresponding  solvent -exfuded  propellants 
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ftgur*  4f 


the  slurry  operxttcns,  may  be  appbci  to  the  sur¬ 
ras*:  of  the  grains  ri'inng  the  glazing  operation 

SI.  (tailed  (beet  proem.  If  the  propellant  »  to 

be  used  in  the  form  of  she.-ts,  strips,  cubes,  or 
seme  other  font,  of  rectangular  geometry,  it  may 
be  suitably  made  by  a  rolled  sheet  process.  This  is 
basically  the  process  originally  u  e<J  by  Nobel,  and 
is  .oore  extensively  used  abroad  <har.  in  the  United 

”1  K_  *U.l_  - - t  _  _U - 

•jnaaiwa.?.  a  **N.  tx- avt  v  IV*  WLU9  jri  \^v  3  >  rs  auufrit  III 

Figure  47. 

51-1.  Mixing.  A  great  desi  of  fallibility  is  pos¬ 
sible  within  this  process  Mixing  may  be  accom¬ 
plished  either  with  of  without  the  use  of  volatile 
solvent  irt  a  Sc’  raeder  miner  cm-  in  a  sigma  blade 
mixer,  or  it  may  take  place  in  wa’er  shirr}  If 
slurry  mixing  u  used,  the  suit  hbrous  mix,  oi  paste. 


thrruoh  a  fi'icr  oi  a  nutveh  Further  elimination 
of  wa’ei  may  be  accomplished  b>  air-dry  itjg  Finai 
ebniinalior  of  water  or  volatile  solvent  is  usually 
accomplished  durin  7  the  lolling  operation  at  the 
time  that  the  oropcljam  is  consolidated  to  a  sheet, 
although  dry  ii  y  operations  may  be  usee!  between 
passes  over  the  rolls  or  after  the  conclusion  of  the 
rolhng  operation 

51-2.  RoUhm  lie  roll  milk  mas  be  eseji-sneed 
(both  rolls  rotating  at  the  s;mc  peripheral  speed) 
or  differential  (oia.  roll  faster  than  the  other),  or 
a  combination  of  differential  and  even  speed  mills 
may  be  used  Otusidc  the  United  Slates  mosi 
rolling  operations  are  conducted  on  esen  speed 
rolls  In  this  operation  tliv  first  pass  forms  a  sheet, 
which  is  folded  and  or  rotated  for  each  succeed 
ing  pass  In  the  United  S'jtes  differential  robing  is 
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muMtwfr  — d.  TV  charge  liBrw  to  the  cooler 
raB  mad  pamta  ifpralrdfr  throegb  dm  bte  mod 

it  if  ctrippod  off.  A  ddfcrecOal  <t>B  cyck  is  tint 
property  <dt.T*L~>;<l  by  tine  and  rod  Mpnan 
netted  of  fay  nwbn  of  paw.  A  typical  raB  mill 
d  drown  ta  Ftpn  4|. 


n-X  Pfatehh*  Strip  powdw  k  ande  by  dk- 
ihr  the  sheet  nq  eqoipncat  Mkr  to  tint 
drown  d  Rpat  49  in  which  rotating  knives  beat 
m  the  sheet  at  k  pane*  over  a  lead  rotter.  Otes 
nay  be  famed  fay  catthq  paclrapn  <rf  drips  with 
a  geBotiae.  or  fay  faedng  sheet  stock  rtrtngh  a 
dfacr  la  which  dksng  ad  choppiqp  are  doa  hi 

—  - -• w — a«_.t  i  i  _a -  —  -a.  - _  a  _a_ 

one  opcrsncm.  otvkjmm  npft  ncx  w  <md 
may  be  poor  trod  Iran  the  sheets  with  a  rate  dte. 
Daring  World  War  M  teach  asartar  hewmh  as 

powder  fay  the  stqaeae  of  npemBim  towing 

a  package  of  sheets  together  knghadfaalty  eriag  a 


*3-1.  latsaria.  The  process  stern  i 
sheet,  which  it  fanned  hue  pent  charge 
roBag  (Figaro  S3)  or  by  seeching  dfate 
the  sheet  United  States  practice  a  to 
rods.  The  charge  »  brongfat  to  eatn 
perature  before  patting  into  the  praat  C 
which  is  equipped  with  Mpamt  0 
both  fee  praat  basket  and  Be  4k.  The  pi 
is  cvaaoaaed  befare  extnntea  starts.  Th 
strand  nay  be  cot  doting  the  suonahn 
cotter  which  travels  with  the  (band  < 
cot,  at  the  whole  attend  nay  be  retrod 

rioTerf  the  attend  rwnLteteg'k?  ttefdl 

cnndtt  cycles  is  known  m  he  aack  as 

rions  (ran  the  wooded  attend  dee  to 
in  the  dte  between  erttnrioee,  and  ee 
reworked.  In  going  to  ktpr  cron  an 

nMln^Meeromte amUte^dLl 


with  a  ahrnorifatoec  oonoeettarien  bates t  1  pec, 
partiroiariy  at  webs  over  0.4-roch,  end  in  cron 
eecthns  ap  so  abeni  7  sachet  diwnrSrr  any  be 
aeade  by  the  eofaendcae  mnanion  praxes,  doee 

and  wealth  of  experience  oa  the  advent  extro- 
non  process  bne  detcoeteged  Uateed  States  aee 
of  the  scfarnlhai  eetrowos  proosss  far  webs  ten 
then  OA-insh,  akhoagh  abroad  webs  rmnddiraNy 

i  JTt~  have  been  tnudd  wkbowt  sotevwt,  The 


appear  teae  Badt  has  beea  set  by  the  shflhy  of  a  dte 
in  a  15-inch  press  to  Com  a  perfectly  oowoidettd 
B*s.  Bat*  Worid  War  D  work  hath  n  the  Uateed 
tent  end  abroad  has  iadi retell  the  pnidbihty  of 


of  the  powder  basket  of  i 
tg  en  crpanrion  cha 
i  the  dte.  As  with 
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mmd  with  tohodni  extruded  arams  The  aoi- 
tntt  arc  lifepyendy  icaoved  by  diliiiupi)  mo 
•waparatiao. 

<Ul  Ihm.  Any  impcricctian*  m  the  propd- 
b at  tod  Id  be  elongated  in  the  axial  direction  » 
a  remit  of  the  exlnmm  ;w»rsfcrr.  Thrr  n  ■•‘snUT; 
not  serious  when  burning  of  the  grain  '«  m  the 
radial  direction  becauv.  no  j  .11  amount  of  un¬ 
planned  additional  surface  iv  exposed  wfaee  the 
burning  surface  meets  tre  fiav.  inspection  00  a  *t» 
tatical  baus  coupW  with  quality  control  through¬ 
out  the  operation  is  adequate  to  maintain  such 
flaws  at  an  acceptable  mimmua.  When  the  grain 
produced  is  an  end  turner,  however,  no  axial 
flaws  may  be  permitted  Great  care  must  be  taken 
so  reject  any  grants  containing  such  flaws.  Flam 
detection  may  be  done  with  X-rays  or  supersonic* 


baee  pratca  is  used  to  form  propellants  in  ney 
gtrenattry  and  u>  sues  from  about  1  inch  in  diam¬ 
eter  up  to  unlimited  sin.  It  uses  as  intermediates 
cssting  ponder,  which  may  be  made  cither  by 
solvent  extrusion  (short  cylinders  about  0  fB-iach 
«n  asamewr  by  O  OTirsch  long)  or  by  the  Ball 
Powder  process  (spheres  of  similar  dimenmoo). 
and  casdng  solvent,  which  is  a  mixture  of  piasb- 
ciacTs  The  bei  deadly  of  the  canting  powders  is 
■bom  1  g/cc,  and  the  fannPi  piiytSan  OEtSpm 
the  same  volume  at  its  casting  powdo  This  re¬ 
sults  in  a  aaumutn  nitrocellulose  concentration 
in  the  cast  propellant  of  about  1  g/cc  Cast  double- 
base  propellants  ere  therefore  possible  in  the  same 
range  of  compodtkms  as  shendesi  r<£iiucd 
propeflants 


WM-MMTtS 
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The  flowsheet  of  the  proem  it  shown  in  Fig¬ 
ure  55. 


*M-  Caafag.  The  outing  powder  is  first 
frurtart  koto  the  mold  and  evacuated  cn, -might 
The  carting  wJvcm,  abo  previously  evacuated,  is 
then  abo  introduced  into  the  axfid,  usually  by 
ou  pressure,  where  it  (IBs  the  interstices  between 
the  individual  oaHag  powder  grains.  The  casth« 
powder  aobebe*  the  solvent  and  swells,  causing 


the  individual  grams  to  coalesce  to  form  a  single 
grain  within  the  mold  Due  to  the  (net  that  the 
casting  powder  b  glared  to  dissipate  static  elec¬ 
tricity  and  vo  facilitate  charging.  grain  boundaries 
are  visible  in  the  finished  casting,  but  fractures 
produced  in  tensile  strength  testing  do  not  follow 
the  grain  boundaries.  This  indicate*  that  the  cast 
propellant  has  become  really  homogeneous. 

The  circumferenud  inhibitor  required  of  car- 
triage-type  internal  bcmtng  grains  is  usually 


praabricoicu  and  uv«a  u  iuc  urakvi  •>  to  im 
a>  pan  of  the  motd.  If  t  cate-bonded  grain  to  called 
fot,  the  cate  it  Drat  toed  with  any  required  totuU- 
tton  and  with  a  turf  act  to  which  the  pcopeiUnt 
wffi  hood  The  cate  then  bnoat  f  part  of  the  mold 
Typical  mold  part*  are  shown  in  figure  56 

The  assembled  mold  end  Kcewxiet  are  shown 
i  »  Figure  57.  The  flow  of  caning  wtveot  may  be 
up  ward,  downward,  or  radial  through  the  mold 

At  r  result  of  Mending  giant  >u  of  caating  pow¬ 
der  and  carefully  controlling  the  compoaihoc  of 
catting  solvent,  large  lots  of  cast  grains  can  be  pre¬ 
pared  with  an  excellent  w&nn-lot  reprod  K*bdfty. 

fhl  Cuhg  The  curing  operation,  daring 
which  coateecenoe  to  completed,  to  dooc  at  ele¬ 
vated  temperatures  (about  140°F)  and  requires 
atom  3  days  after  the  gram  hue  come  to  curing 
temperature  After  the  ccunpietioo  of  the  cure  the 
naoU  to  ritoawmMfd  and  cleaned  for  reuse  The 
grain  to  *««i»«t  by  sawing  to  length  and  machining 
any  drvignrri  surfaces  not  produced  by  the  mold. 

IM.  Phjufcal  dngft  Physical  atroogtfc  of 

cast  double-base  prop.  Ham  to  comparable  to  that 
of  propellant  of  the  same  composition  produced 
by  tofoeatlcat  extrusion.  Flaws  if  present  are  ran¬ 
domly  distributed  and  not  elongated,  so  that  the 
tolerance  of  laws  for  end-buraing  castings  to  con¬ 
siderably  creator  than  for  eod^  burning  extrusions. 

A  fluathed  grain  to  shown  in  Figure  58. 

hast  pracam  Examples  of  propellants  produced 
by  casting  are  OOK,  OiO,  and  BPY  for  cartridge 
application*  and  BUU,  a  case -bonded  propellant 
Note  that  these  compositions  must  be  broken  down 
to  a  casting  powder  compost  boo  and  a  casting 
sobrent  in  order  to  manufacture  them. 

S4.  Starry  caMbag  prueeaa.  When  the  total  voi- 
hk  of  the  hquid  ingredieats  exceeds  about  30 
percent  of  the  volume  of  the  composition  it  be¬ 
comes  possible  to  suspend  the  tohds,  mriwfcng  the 
polymer,  in  the  mixed  liquids  and  pour  the  result¬ 
ing  slurry  directly  into  th.  •n.ld  In  this  instance 
the  sofids  must  be  supplied  in  a  shape  that  has 
good  packing  density,  such  as  spheres  As  the 
packing  density  of  the  solids  decreases,  the  re¬ 
paired  volume  fraction  of  the  liquid  ingredient! 
hnruw.  It  to  further  necessary,  for  the  sake  of 
pot  life,  that  the  polymer  particle*  possess  a  tor- 
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components  a,  tl-e  temperatures  of  muting  sad 
casting  and  yet  readily  soluble  at  curing  tem¬ 
perature.  At  least  throe  such  peeresses  have  been 
described'*'1’ 
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55.  GcacraL  The  fust  foe)  binder  compoahe* 
«n  the  United  State:  were  developed  during  Wood 
V  u  II  in  response  to  a  need  f«  grvn*  for  Use  in 
aircraft  jstas  Smokeless  powders  !"»d  been  widely 
used  for  gun  propellent#  and  ’tad  (Ken  made 
abroad  by  sohrodess  cxtnmon  into  gr alnj  for 
artillery  rocket#,  and  seventies#  extnrooe  *u 
being  di  /eloped  in  (l  it  country  It  wai  cot  inane- 
diately  apparent  that  smokeless  powder  could  be 
fabricated  into  grain  crow  sections  of  Use  size 
required  for  such  jato  use,  such  crow  tedious 
being  bey  or  d  the  capacity  of  cutting  or  conlern- 
plated  presses  The  black  powder  art  had  demon¬ 
strated  that  a  sold  propellant  nr  rd  not  be  a 
monopropellant 

<  existing  Mack  powder  manufacturing  tcch- 
tuqurs  would  no.  produce  large  grains  The  exist¬ 
ing  black  powder  formula  was  leas  energetic  than 
desired.  Substitution  of  a  hydrocarbon  for  the 
sulfur  and  charcoal  of  Mack  powder  put  ail  of 
(he  fuel  into  the  binder  ps  as.  increasing  the  vol¬ 
ume  traction  of  binder  to  a  point  where  a  casting 
operation  became  feasible.  At  the  same  time  oxi¬ 
dation  of  the  hydrocarbon  led  to  products  (irtclud- 
)  isg  Hj  and  H,0)  of  lower  average  molecular 
weight  than  those  derived  from  Mack  powder.  Sub¬ 
stitution  of  potassium  perchlorate  for  potassium 
nitrate  increased  oxygen  content  per  unit  volume 
of  filler  and  decreased  tbe  weight  of  solid  residue 
per  unit  weight  of  propel'ant  The  arpbalt-potas- 
sum  perchlorate  interim  propellant  successfully 
established  the  positron  of  fuel  binder  composites 
in  the  propeti&nf  held  and  encouraged  further 
development 

The  first  mayor  improvement  was  the  substitu¬ 
tion  at  a  polymer  system  for  the  asphalt.  The  filler 
«M  mixed  with  binder  is  monomeric  or  partially 
pofyrr  riaed  form  and  cast  in  that  condition  Paly- 
men.  tkm  was  completed  in  the  curing  operation 
in  the  mold,  rcsuhmg  in  a  grain  that  would  not 
ooW  How  under  moderately  warm  ambient  ooodi- 
tron*  as  «ould  the  asphalt 

The  Koond  major  improvement  was  the  sub¬ 
stitution  of  ammonium  perchlorate  for  the  potas- 
am  aah,  ehgnnatmg  inorganic  residues  and  dense 
amok*.  The  famous  combustion  products,  how¬ 
ever,  bow  contained  HO  winch  is  somewhat  cor- 


rwr*T  under  renditions  of  high  humidity  This 
condition  hat  proven  entirely  acceptable  for  condi¬ 
tions  in  rocketry  where  the  engines  arc  expended 
in  a  single  firing  It  is  lest  acceptable  for  some  gas 
generator  uses  where  the  combustion  gases  remain 
in  contact  with  metal  parts  that  will  be  reused. 

When  considerations  other  >han  maxi  room  per¬ 
formance,  sue.?  as  freedom  from  corrosive  exhaust 
or  cheapness  and  availability  of  raw  materials,  take 
precedence  xnmoniujn  nitrate  raay  be  used  in 
place  of  the  ammonium  perchlorate 

The  third  major  development  was  the  subsutu- 
bon  of  an  elastomeric  binder  for  the  hard  polymer 
binder  This  permitted  case  bonding  of  the  pro 
pcliant  and  elimination  of  the  inhibitor  from  in¬ 
ternal  burning  grains.  Replacement  of  the  inhibitor 
by  additional  propellant  increases  the  mass  free 
non,  or  ratio  of  propellant  weight  to  ‘wad'd  motor 
weight,  and  thereby  the  performance  of  a  rocket 
Continuing  need  for  thermal  insulation  negates 
this  advantage  of  case  hooding  for  end- bum  inf 
grains. 

54.  Choke  of  v\ Mixer.  The  differences  among 
the  three  oxidizers  that  have  been  widely  used 
in  foe?  binder  composites,  potassium  perchlorate, 
arimotiium  perchlorate,  and  ammonium  .niraie 
are  shown  in  Table  11  As  a  matter  of  interest 

TABLE  11.  OXIDIZERS  TOR  FUEL 
BINDER  COMPOSITES 


KC»Ci 

NnzUfOi 

HHi'O. 

KMO» 

Molecular  *ei$ tit 

!  3*55 

II7.?0 

*0  05 

101  10 

Specific  fr»vit>.  f 

2  52 

1.91 

1  72? 

2  i: 

‘SCI., 

0.003C 

0.0043 

— 

- 

SSH., 

_ 

0  0170 

0.0250 

— 

V4N.. 

— 

00043 

00125 

0  0049 

O,, 

0.02M 

0.0340 

0  0775 

o 

o 

Cu* 

4a 

j 

Specific  vqIuud-,  — 

0  3  91 

0  513 

0  5*0 

0  474 

figures  are  included  for  KNOj  Following  tbe 
sctnendsiure  of  Chapter  2,  tbe  items  Cu,  is 
the  number  of  gram  atoms  of  Cl  in  one  gram  cl 
oxidizer,  H«r,  the  number  of  gram  atoms  of  hydro¬ 
gen,  etc.  In  the  case  of  potassium  perchlorate  part 
of  the  KO  resulting  from  pyrolysis  of  tbe  oxidizer 
is  found  to  be  vaporized,  and  part  remains  in  the 

99 


t 


Im 
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condensed  phase.  For  t  *  purpose  ^  the  pretext 
arjj'.'isxut  it  u  assumed  that  half  of  u  u  in  the  gas 

pKjw  _  frt  fK>  ^Bt>  rtf  ymm/witjim  fjgrrj  ‘trya tm  >ll 

of  the  chlorine  is  in  th  git  phase,  and  its  contri¬ 
bution  to  the  |a_>  volume  is  Vi  Cl*,  Any  hydrogen 
will  be  in  the  form  of  either  Ha  or  HaO,  to  the 
contribution  of  the  hydrogen  of  the  oxtdurt  to 
the  combustion  product  volume  is  V4H*.  The 
exyger  of  the  oxidizer  will  appear  as  CO,  COj. 
or  lijO  and  makes  no  separate  con  cn  bubo®  to 
the  psi  whim*.  In  the  cm  of  potassium  nitrate 
it  is  assumed  (tun  a  solid  rnudue  of  K,0  wE 
exist  node:  operating  conditions  This  removes 
ooc-half  atom  of  oxygen  from  the  quantity  avail¬ 
able  for  oxidizing  fuel,  and  the  value  of  G„  under 
KNOj  it  corrected  for  this. 

A  more  significant  comparison  of  tbe  oxidizers 
appears  when  they  are  formulated  with  a  fuel  As 
Mi  txrrupk,  consider  4  series  of  pr  ope  Hunts  formu¬ 
lated  at  75  weight  percent  oxidizers  with  a  hypo¬ 
thetical  fuel  of  composite*  CH,  b  and  specific 
gravity  1 .2  Data  ounce  1  ting  such  »  fuel  are  shown 
in  Table  12  and  for  the  propellants  in  Table  13. 


TABLE  12.  HYPOTHETICAL  r^L 
BfNDEAt  CH  ■  ^ 


Molecular  weight  13.5 

ViH,  0  055* 

cf  0  07  *a 

Specific  volume,  ■■■  0.833 


TABLE  13.  HYPOTHETICAL 
PttOPELLANTh 


KTO, 

NH.CK), 

STL  NO, 

KNO» 

Oxidizer  •eight 

"o.73~ 

0  75 

075 

0.73 

Binder  wtiata 

0.25 

025 

0.25 

025 

zc 

0.0183 

0.0185 

0.0185 

0.0185 

V4N 

— 

0.0032 

0.0094 

0.0037 

— 

0.0128 

0.0 1M 

— 

ViH, 

0.0139 

0.01 » 

0.0139 

O.OI39 

Si  ZO 

u  SS27 

v-vCrix 

n— 

! 

n 

0.0351 

0.051* 

0.0*06 

0  0541 

TO 

0.021* 

0.0255 

0.0282 

G.0185 

SO  -  XL 

00031 

0.0070 

0.0097 

— 

Oalduer  votene 

0.294 

0.315 

0.433 

0.355 

Baker  volume 

0204 

02(4 

C.20C 

020* 

Tsxal  lotaav 

0306 

0.593 

0.643 

9.3*3 

gn  .y  * 

1*7 

1*9 

1  34 

1 .71 

Bicd  j  volume,  % 

41 

33 

32 

37 

The  potassium  nih.ue  member  of  this  series  of 
propellants  is  capsule  of  producihg  as  much  gas 


as  the  potassium  perchlorate  member  but 


tbe  total  available  oxygen  is  only  enough  to  oxi¬ 
dize  the  carbon  to  CO  This  propellant  is  badly 
undcroxkUned,  n.,d  potassium  nitrate  has  properly 
been  ignored  in  thr  development  of  fuel  binder 
composites. 


5*1.  PM—sNaa  pcrcUaratc.  Potassium  per- 

citiottic  has  the  c-4t  side  table  disadvantage  that 
s  mayor  pvt  oi  tbe  KO  formed  ia  its  pyrofysir. 
remains  condensed  under  operating  conditions,  re¬ 


sulting  in  a  low  gas  volume 


The  rest  of  the 


KO  condenses  m  the  exhaust,  and  any  propellant 
formulated  with  potassium  perchlorate  bums  with 
a  dense  white  smoke.  Linear  burning  rates  of 
potassium  perchlorate  propellants  tend  to  be  high, 
0  8  to  0  9  in/ sec  at  1000  psi  Propellant  densities 
also  are  high,  1.8  Ic  2 .0  g/cc,  reflecting  the  high 
specific  gravity  of  potassium  perchlorate.  Specific 
impulses  are  generdiy  below  200  lb- sec/lb,  re¬ 


flecting  the  to*  gas  volume. 


The  p tenure 


exponent,  n  (Equation  3 lay,  tends  also  to  be  high 
Due  so  the  low  specific  impulse  and  smoky  ex¬ 
haust,  potassium  perchlorate  pt  ope llanu  are  no 
logger  in  general  use. 


5*- 2.  AuMisa  perchlorate.  Ammonium 
perchlorate  avoids  most  of  the  disadvantages  of 
potassium  pel  elite/*  iiit  rropeukuts  wmaiumj  «Sr 
cnooium  perchlorate  burn  subwamially  wimout 
residue  or  smoke,  and  the  oxidizer  makes  a  sub 
slaattd  contribution  to  the  gas  volume.  As  a  rew.it 
of  this,  specific  impulses  have  beta  calculated  to 
about  250  and  measured  to  about  24(1  Ib-sec/sec 
Tbe  (roe astir edj  specific  impulses  and  the  flame 
temperatures  of  selected  ammonium  perchlorate 
propellants  taken  from  SPLA/M2  data  sheets  are 
shown  in  Figure  59. 

As  theta  propellants  were  made  up  with  a  vari¬ 
ety  of  binder*,  it  is  apparent  that  specific  impulse 
and  flame  temperature  are  largely  detenntoed  by 
file  weight  loading  of  the  oxidizer.  Om  the  range 
55  to  $1  wetfflt  percent  oxidizer,  the  flame  tem¬ 
peratures  teem  to  be  linear  and  nearly  propor¬ 
tional  to  the  weight  fraction  of  oxkhzcr.  Tbe 
specific  impulse  abo  rites  with  mcroaauyi  weight 
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fiffvrt  59.  Specific  hnpvlM,  1^.  and  Fktmt  Impmraturn,  Tf,  of  NH4CtQ1fumJ  Hndm  Cewnfta »**j 


fraction  of  oxidizer  but  appears  to  approach  a 
maximum  of  about  240  Ib-sec/lb. 

Compsncg  the  two  examples  of  potassium  per 
ezdorate  propellants  (ALT- 161  and  AK-14/  with 
Figure  59,  it  appears  that  the  potassium  perchlo¬ 
rate  propellants  at  about  75  percent  oxidizer  are 
equtvsknt  it.  specific  impulse  and  flame  tempers.  - 
tore  to  ammonium  perchlorate  propellants  at 
about  60  percent  oxidinr 

Burning  rates  of  ammonium  perchlorate  pro¬ 
pellants  at  1000  psi  and  room  temperature  are 
{dotted  in  Figure  60.  They  also  seem  to  trend 
upward  with  increasing  weight  percent  of  oxidizer 
but  ere  subject  to  other  influences.  It  is  recognized 
that  oxidizer  grist  has  an  effect  on  the  burning 
rate,  coarse  oxidizer  leading  to  low  burning  rates 


in  a  given  composite®  Burning  rases  of  ammo¬ 
nium  perchlorate  propellants  have  aiao  been  in¬ 
creased  by  gubszitunoo  of  potassium  perchlorate 
for  part  of  the  ammonium  perchlorate,  but  at  the 
cost  of  a  smoky  exhaust.  Burning  rf  .  may  also 
be  influenced  by  catalysts 

Ammonium  perchlorate  is  a  moaopropellant. 
Its  pyrolysis  starts  with  dissociation  according  to 
she  resebsr. ' 

NH4004  ~>  NH,  +  HOG,  (57) 

leading  to  a  combustible  mixture  of  NHt  and 
HOO,  in  the  gas  phase  adjacent  to  a  NH4C1C)4 
crystal.'  Subsequent  features  of  the  combuatjor:  re- 
attioas  are  a  marter  of  some  dispute.  According 
to  the  two- temper  autre  theory*  the  burning  sur- 
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face  retreats  in  a  plane,  the  linear  burning  rales 
of  the  binder  and  oxidizer  are  the  same.  This 
requires  that  the  surface  temperatures  of  bi  ming 
oxidher  and  binder  be  different.  The  thermal  layer 
theory,’  on  the  other  hand,  states  that  the  rate- 
controlling  step  is  the  redox  reaction  of  the  mooo- 
propellant,  in  this  case  between  the  NH-  and 
HOC, ,  that  burning  surface  is  not  plane,  and  that 
diffusion  of  binder  pyrolytic  products  into  the 
them*!  layer  where  the  redox  reaction  is  going  on 
M&y  lead  to  perturbation  depending  on  the  rela¬ 
tive  rates  of  reaction  between  the  oxidizer-binder 
pvtolyus  products  and  the  oxidizer  pyrolysis  prod¬ 
ucts  atone 


The  reaction  products  of  ammonium  perchlo¬ 
rate  fuel  binder  composites  are  N2,  CO,  CO*,  H2, 
H,0,  and  HC1  Of  these  products  only  HO  de¬ 
serves  special  mention,  the  others  being  common 
to  smokeless  powders  which  have  Wi-  be  .n  used 
in  vasious  heat  engines  At  relative  humidities 
above  about  85  percent*  KG  tends  to  condense 
to  droplets  of  aqueous  HG,  giving  rise  to  smoke 
and  to  corrosion  of  metal  surfaces.  The  wide  use 
of  ammonium  perchlorate  fuel  binder  composite 
propellants  in  rockets  is  an  indication  that  for 
rocketry  HG  in  the  exhaust  is  not  a  serious-prob¬ 
lem.  II  other  atomic  species  are  present  in  the 
binder,  their  compounds  will,  of  course,  appear 
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■d  die  exhaust  and  may  be  additional  nsw  \ 


J6J,  Ufrfw  fwdtoai.  Lithium  perchlorate 

has  received  some  attention  u  an  wte  m  these 
composite  propeSant*  (e.g.,  OCR  -300  in  SPIA/ 
M2).  This  oxxtoser  should  be  superior  to  potas¬ 
sium  perchlorate  hi  that  the  LiCI  should  *S  be 
vsponsed  and  tone  pan  of  the  woriuag  flusd.  with 
the  amount  of  available  oxygen  per  unit  weight  a l 
oxidizer  higher  due  to  lower  molecular  weight. 
CoBdematioc  or  Lid  in  the  exhaust  should  lead 
to  dense  smoke  as  in  the  case  of  the  potassium 
salt.  Propellants  containing  lithium  perchlorate 
have  higher  density  but  arc  more  hygroscopic  than 
correspondm*  immetsosi  psrctiasS:  prcpcBssU. 

56-*.  Axamaafan  athate.  The  use  at  ammo¬ 
nium  nitrate  as  oxidizer  in  fuel  binder  composites 
avoids  the  problem  of  corrosive  exhaust  due  to 
HQ,  at  the  coat  of  lowered  specific  impulse  As 

nadecased  in  Tabic  i3,  the  votunc  of  prod¬ 
uct  gas  is  higher  than  for  a  oontynnding  aauno- 
■um  perch!  .site  propellant,  so  that  the  lower 

fPfCjfa-  infMlu  must  rtrnli  film  ■  Ingg  *««-» 

temper srure.  Tt  This  is  iadecd  the  case,  as  nuty 
be  seen  in  Figure  61.  The  maximum  specific  im¬ 
pulse  appears  to  be  hi  the  neighborhood  of  200 
■soec/fc,  amd  thn  is  astaised  at  a  flame  teap>. 
turc  seme  hundrufs  of  decrees  lower  than  for 
the  same  specific  impulse  in  the  ptr- 


chifwute  system.  If  maximum  performance  is  not 
required,  quite  lew  flame  temperature*  can  be 
attained  by  decreasing  the  ammonium  nitrate  load- 
tag.  or  by  incorporating  therm  ally  decomposed 
diluents  such  us  cyanoguanidinc. 

Bunting  rules  appear  t<  rusgc  from  0  05  to 
0.27.  The  combination  of  low  temperature  aad 
low  burning  rule  t*  attractive  for  gas  generator 
uses.  The  higher  rates  are  amiable  through  the 
use  of  catalysts  such  a$  Prussian  blue  (ferric  ferro- 
cyamde),' '  Milori  blue,'  chromium  compounds 
such  at  ammonium  dichromatic, 1  cobalt  com¬ 
pounds,1  or  sodium  barbiturate."  The  higher 
bunting  rates  so  produced  are  useful  in  su Stainer 
Muiuri  and  even  booster  roctKts.  ‘  ‘ 

The  bumirg  mechanism  of  ammonium  nitrate 
propellants  has  been  extensively  investigated.  Am¬ 
monium  nitrate  is  also  a  monopropellant,  and  its 
first  pyrolytic  product  is  a  gaseous  mixture  of  NH, 
and  HN04  The  rate-controfting  reaction  is  pre¬ 
sumed’  to  be  the  redox  reaction 

NH,  +  NO,  -*  NH,  +  HHOj  (58) 

and  in  the  thcfirw  layer  theory  the  rea.tkms  ot 
binder  pyrolytic  products  with  the  anusxmiusn 
n.  irate  pyroJybc  product  occur  so  late  (so  far 
from  the  burning  surface)  that  they  do  not  com¬ 
municate  heat  to  the  burning  surface.  This  would 
explain  qualitatively  the  slow  burning  rates.  The 
■awhamssn  of  catalysis  has  not  been  explained. 
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The  combustion  products  of  iranrootwn  nitrate 
coc-pouit i  are  K-,  CO,  CO,,  Hj,  and  H,0,  the 
same  ai  from  smokeless  powders,  and  present  no 
new  problems  They  a n  generally  ir  a  compara¬ 
tive!)  high  slate  of  oxidation,  so  that  even  the 
cow  formula! »ns  bum  without  producing  much 
ftee  carbon 

A*Sn'r«w»«»i  tUavratC  u  hygroscopic  and,  m  add,- 
tkxi, exhibits  phase  changes  at  several  temperatures. 
Precautions  must  be  taken  to  keep  aavooeaum  rw- 
tratc  propellants  bekr»  40  percent  relative  fcuesd- 
ity  during  manufacture  and  subsequent  haudhrg 
Processing  is  preferably  done  at  temper  autre; 
above  90°F  to  avoid  cycling  through  the  phase 
change  a:  that  temperature  The  higher  perkaras- 
arwu  aamomuia  nitrate  propellants  are  so  kjn&u- 
fasted  that  their  volume  fraction  of  binder  rs  too 
low  to  permit  casting  Extrusion  sr  cxnprcanca 
asoldmg  ptoocues  are  commonly  sued  as  fs**ica»t 
such  propellants. 


JM.  Nterf  mMm»  iCotnhaasetHsas  d  osc- 
ditns  are  sometimes  Head  to  get  baaning  non 
outside  the  normal  ranges  tor  riqgfe  mckbanc 
The  cjcnbinatsoR  of  | — ntnrima  peadtoate11  arith 
Knurarsium  perchlorate  lends  to  higher  burning 
rates  than  the  arithmetic  mean  of  the  normal  rates 
e*  Use  two  oxidizers  measured  separately.  Thu 
cotubtaaiioc  preserves  the  high  pressure  exponent 
fe-g.  T10-E3  in  SPIA/M2)  of  the  potassium  per- 
chlorate  propellants,  indeed  in  tome  proportions 
of  these  two  oxdutn  values  of  m  approaching  or 
even  exceeding  I  have  been  observed.  AremorKmn 
nitrate,  attroguanidine,  or  cycJototramctbyieae 
aetrasitnunine  (HMX.i  may  be  used  as  pan  of  the 
(Sudan”  to  lower  the  burning  rate  of  an  ann> 

iatuiu  pMUMvaMu  pTuyvaMaiv-  Amuwmmsimi  piwMa 

composes  pact  of  the  ooudsaer  in  the  British  photic 


As  shown  above,  the  ballistic  properties  at  a  fuel- 
binder  composite  propellant  arc  determined  by  the 
weight  fraction  of  oxidizer.  The  physical  proper¬ 
ties  including  fluidity  during  maoofactorc  arc  dt- 
termined  by  the  volume  tracbou  of  binder  and  oc 


volume  fraction  of  the  continuum  may  be  de 
creased  to  40  or  even  35  volume  percent  before 
the  presence  of  the  solids  is  strong!)  felt  in  the 
fluidity  of  the  system.  Beyond  that  point  the  vis- 
cnaiiy  of  the  system  increases  rapidly,  and  a  coe- 
cesnaum  b  root  reached  where  the  system  will 
not  Sow,  Lb  the  fuel  binder  composite  system, 
CtuHfig  loses  Hs  feaaibiuty  When  the  rdouK  frac¬ 
tion  of  the  binder  goes  much  below  30  percent 
Concurrently  eve*  with  elastomeric  binders  the 
distortion  at  rupture  approaches  a  low  value  when 
thr  volume  fraction  of  the  binder  decreases  below 
this  rcgkss  For  case-bonded  systems,  therefore, 
the  fraction  of  binder  mutt  be  maintained  above 
this  marimum  in  order  that  the  grain  maintain  its 
integrity  over  a  temperature  range  This  meant 
flu'  when  one  is  formulating  a  high  performance 
grain,  which  wih  therefore  require  a  low  weigh; 
fraction  of  binder,  the  preferred  binder  win  be  a 
low  density  material  in  order  that  the  volume  froc- 
tw  of  the  binder  be  dmuftaaeoualy  kept  high. 
On  the  other  hand,  at  tow  aaehxer  loading  such 
as  ■  fflfawl  for  low  flame-temperature  gas  gen¬ 
erator  prnprRnrm,  die  binder  weight  fraction  will 
be  oaturaBy  higher  and  one  might  wcQ  chooat  a 
dense  binder  to  miniwfltr  the  envelope.  Table  14 

TABLE  14.  C£flfc.‘’XK  LOADING  VERSUS 
BINDER  DENSITY  PER  UNIT  VOLUME 
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30 

23 
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iHustmes  the  effect  of  binder  density  on  the 
weigh!  percent  oskhier  loading  at  a  constant  30 
votuase  percent  binder  bads. 


iW  ftl  Kirvrlwf  ^  witA  »K*s  chapys  jyf  fha  Afift^ar 

particles  and  their  grist  playing  a  supporting  role 
Roughly  spherical  solids  caa  be  dispersed  is  liquids 
n p  to  about  50  volume  percent  without  having 
nsuch  e#ect  oc  the  fluidity  of  the  system,  and 
with  favorable  grist  and  sohd  particle  shape  the 


Sfl.  Chalet  of  binder.  End-nan  me  may  re¬ 
quire  either  a  cartridge-type  grata,  for  ease  of  in¬ 
spection  or  for  repetitive  use  of  the  chamber,  or 
a  case-bonded  grain  for  high  performance  If  s 
cartridge-type  grain  is  called  for,  the  propetiaui 


94 


1 


a oum>  cs 


f  pure  62  Si  very  Cottwyg  Proewu 


muH  h«ve  hag!  modultH  and  scene  compressive 
strength  If  the  grain  is  to  be  case-txwxkd  the 
sti  sacs  to  which  the  pain  will  be  subjected  call 
for  modulus  and  htgh  rk*tg»tk*e 

Si-1.  AjpAofL  Aspfcaii,  the  first  busier  used  in 
a  fuei-btnder  oocnpositt,  preiduced  a  case  -boodabk 
prcpdlant.  As  may  be  seen  from  (he  data  sheet 
or.  ALT-161  (see  SPiA/M2j.  the  ttspi  an  was 
softened  with  a  ptitsticue  r  to  decrease  the  modulus 
so  (hat  the  propellant  could  bt  used  over  a  suit¬ 
able  but  restricted  temperature  range  A:  tempera 
mres  below  about  — 20£F  the  pre; ; hant  became 
very  brink,  teadtag  to  fracture  and  eaptosoo  on 
ignition.  At  temperatures  above  about  120£F  the 
propeSUat  became  quite  soft  and  Sowed  sway  frpto 
its  desgn  gecooetiy  Asphalt  bad  the  advantage  of 
being  cheap  and  avaiiaUc  The  propeliar,  manu¬ 
facture  was  simple,  the  oxidizer  was  incorporated 
into  the  binder  at  elevated  temperature  usitg  a 
sigma  blade  Bluer  and  the  mixture  *»,  pouted 
into  the  mold  or  case  and  allowed  to  oooi 

S6-2.  fdyhatatw.  Pohuobutewe ,  used  m  the 
British  “plastic  propellant.'  dsfiers  frose  -asphai-. 
chiefly  in  having  a  better  temperature  coefficient 
of  phystcai  properties  An  example  of  Mich  pro¬ 
pel  uu  is  R.D.  2312  (see  SPiA /M2.  The  oa, 
direr  ammotuum  pic  rate  t%  reads!)  ddortnabk  and 
her,  <  permits  a  love  titan  normal  binder  volume 
fraction  It  also  ai lords  a  lower  burning  rate  than 
ammonium  perchlcraic  would  give  as  the  stale 
oxiduer 

56-0,  QaMMic  IMm.  Tensile  streagib 
enough  to  erubie  the  propeDnnt  to  withstand 
handling  and  ftrtig  accefefaticns  is  BCkJed  to  the 
btadcT  piopemti  by  ificorporatiej  of  a  pciynxr. 
often  cross- 1® Led,  into  the  binder  The  poly  rot; 
may  be  one  of  the  rubbers,  ased  with  or  with¬ 
out  a  pUstideet.  or  it  may  be  one  of  the  noo 
rubbery  therasoptestics  such  as  ceS  ideate  senate  or 


poty(vjnyl  chkmde),  used  with  enough  plasticizer 
to  bring  the  modulus  of  the  propellant  into  the 
proper  tastge 

56-3.1.  rripaMfc  nMo  The  fust  Mich  binder 
was  formulated  with  potysulfuk  rubber,"  and 
poi)  sulfide  rubbeis  have  remained  important  con¬ 
stituents  of  case-bonded  composite  propellants  11 
The  polymer  is  introduced  as  a  partially  polymer¬ 
ized  prepolymer  (liquid  polymer)  and  lojymtrua- 
txxi  is  compieltd  during  the  curing  ope  «uon  in 
(he  case  or  mold  ml  elevated  temperature  and  is  the 
presence  of  a  pcJymeruaiioo  catalyst  Mich  as 
p-quinonedioxlmv.  In  order  to  accelerate  the  curt 
or  to  accomplish  it  at  a  lower  temperature,  a  pro¬ 
moter  such  as  diphenySguxnidmc  is  sometimes  dso 
used  Magnesium  oxide  and  feme  oxide  may  be 
used  to  modify  tbc  bunting  rale,  and  other  addi¬ 
tives  are  occasional!)  used  for  various  reasons 

Poiyvulfide  propellamr  ar.  (airly  dense,  reflect¬ 
ing  ihe  density  of  the  polysulfide  polymer.  This 
fcaune  resznets  the  allowable  oxidizer  loading.  In 
(be  modcr a>t  performance  range,  on  the  othe, 
hxaC.  a  gore  Mai  impulse  can  be  contained  within 
a  smaller  eovciopr  titan  with  a  less  dense  p  vpcS- 
uw  Ai  urmpcra-.uies  above  about  0:F  the  i.jisus 
strata  at  rupaurc  is  typically  50  to  100  percent, 
bessg  kswn  with  the  higher  loading  density.  This 
'vuci  is  generally  adequate  for  case-bonded  appii 
rations 

Is  more  than  10  years  of  existence,  polysulSde 
propeisfcJSii  have  not  shown  serious;)  deleterious 
V  f  efisen  except  for  a  change  oc  the  exposed 
surface  of  the  grains  that  interferes  with  ignition 
It  >»  believed  that  this  property  has  been  over¬ 
come  in  laser  fo.  mulabons.  but  this  cac  be  demon 
strated  c-ah  when  the  newer  propellants  have  bet. 

aget 

The  nvaou/acturiqg  process  used  for  pofysulflde 
propellant-,  is  the  slurry  casting  process,"  for 
which  the  iowshcei  is  shows  in  Figure  62. 
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R^foJuabititj  of  the  oudux  i  grin,  is  one  of 
ifat  most  imporuuw  quality  control  measures  in  the 
■uk  juncture.  .The  mixer  may  be  it  sigma  black 
■taxer,  equipped  with  hoc?  9£Ti  «Hnyn  jjr 

Figure  63,  or,  alternatively,  a  vertical  mixer  shown 
in  Ftfure  64.  The  ingredients  are  added  cocues,  l 
tivel)  to  the  mutex,  starting  with  the  prepolyc 
At  the  coocluDOii  of  the  mixing  tbr  charge  is  de¬ 
aerated  by  evateattioa  or  other  means  and  cast 
too  the  motor  cane.  Curing  is  accomplished  by 
■ubjec&ng  the  leaded  case  to  elevated  temperature 
in  a  heaieu  space  (a  pit  is  used  foe  large  charges) 
The  mandrels  are  removed  after  the  cured  charge 
as  Cuuicu,  and  i«  charge  is  mushed  by  machining 
assy  iKagnsd  Surfaces  ooi  produced  by  the  mold. 
In  general,  such  surfaces  are  chicSy  the  aft  ead  of 
*he  grain.  A  typical  mandrel  is  shown  in  Figure  65, 
and  a  motor  with  ewe -bonded  grain  in  Figure  64 . 

FoiyssdfekHuaBwnium  perchlorate  grains  from 
I -5  inches  id  40  inches  in  diameter,  and  in  sreigbts 


from  0  5  pound  to  8700  pounds  have  hern  manu¬ 
factured  and  flown  in  rocket  motors.  Examples  of 
poly  sulfuk- ammonium  perchlorate  composites  in 

T14  used  in  early  experimental  work  w  h 
Urge  engines, 

T17  used  in  RVA10,  Sergeant  (XM-12), 
Xi7,  reentry  vthirke  (X  M20j.  and  various  test 
vehicles  ir<  the  Poiaris  and  NASA  high  altitude 
programs, 

124  used  in  the  htoiest  John  spinner  rocket 

(M-7); 

1  •  3E !  used  in  V»*ivvi>  aerodynamic  test 

V*k.-d*.  CT  dfll. 

»"*>  ■»«  A  * 

T-22  used  ir  Loki, 

GCR-201C  used  ia  Vaqgi&rd  third  stage 
rocket,  and 

T27  used  in  Falcon  ()  ".M  -46 )  two-level  thrust 

motor 
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5C-3.2,  Pilj  ■iitinii  i»Mu.  Apart  from  the 
polysulfides,  most  synthetic  rubbers  err  formed 
b>  vinyl-type  polymerization,  or  addition  at  double 
feuflds.  Other  polymerization  reac'.toru  not  involv¬ 
ing  p-,  vductkwi  o*  volatile  by-product*  arc  known 
and  i.  ft  be  useful  in  preparation  of  propel  tan: 
biodtt  Fo.  trample,  it  an  isocyanate  is  added 
to  a  compound  containing  an  —OH  group,  a 
urethane  u  formed  according  tc  tic  rescoon 

R'Nt-O  +  HOR  =  RTS'HCOOK'1  (59) 

Reaction  of  a  diisoeyanate  and  a  dioi  thus  gives 
a  long  chain  linear  poly  Lire  thane,  and  the  presence 
of  son*  polyol  or  poly  isocyanate  should  cause 
the  i«4)  i net  to  cross-link,  in  order  to  oururaue  the 
he  t  of  polymerization  during  the  core  it  is  cus- 
tor,*ary  to  use  a  long  chain  did  such  as  poly 
propyl*  glycol,  HJO-CH^-CHJ.-OH,  with  a 


srmpte  diisucyanaic  such  as  toluene  diisocyanaic 
There  are  many  lon^  chain  diols  available  but 
only  relatively  feu.  diisocyanaiev  arc  on  the  market 
The  polymerization  reaction  must  be  cataWzcd,  as 
by  ferric  acetyl  acelonaip  and  accelerators  of  the 
polymerization  are  known.  The  polymer  may  be 
used  with  or  without  a  plasticizer. 

The  physical  properties  are  similar  to  those  of 
poiysuiftdc  propellants  at  the  tame  btndei  volume 
fraction.  The  density  of  the  polyurethane  propel¬ 
lant  rs  naturally  tower  than  that  of  a  pdysulfkk 
propellant  at  the  same  oxidizes  weight  fraction. 

The  manufacturing  process  is  the  same  as  that 
for  poiysulfkk  propellant,  with  o.se  important  pee- 
CoulfOei.  Sifiw  the  IwCjiuuici  roKl  wiib  —OH 
groups,  it  is  particularly  important  that  all  ingre¬ 
dients  be  quite  dry.  Addition  of  water  to  iso¬ 
cyanates  results  in  -NHCQOH  groups  which  lend 
to  decompose  Polyurethane  binders  have  been 
more  eueosiveiy  used  in  the  aluminum-ammo- 


I 


cium  perchlorate-binder  propellant*  described  in 
ORDP  20-176. 

SMJ.  T)wtn  *nii  >  rj-Ti  -  ■ tki  nfnt/fr  rwb- 
kcr,  FBAA.  When  butadiene  \i  COfK'Oymrmfd 
with  scjy'uc  coc  and  cured  witti  an  epoxide,  ar. 
c'attomerk  binder  results  with  properties  fairly 
similar  to  those  described  lor  the  polyurethanes 
Tb's  binder  system  has  a  compilable  density'  to 
that  ot  the  polyurethane  binder,  tolerates  about 
the  same  weight  percent  of  oxrCUet  ia  a  case- 
bcndahlc  propellant,  and  gives  perfonni-Dce  in  the 
same  range.  The  manufacturing  process  is  rssen 
tially  that  shown  in  Figure  62  PBAA  binders 
are  receiving  considerable  sttentiofi  in  the  newer 
aluminum- ammonium  perchlorate  propellants,  dis¬ 
cussed  in  ORDP  20-176 

Sfc-3.4.  Paiyfvtayl  ctoberi&t).  A  ttoarubbery 
polymer,  if,  sufficiently  ptasucizcd,  may  develop  in 
a  bca/ily  loaded  plastic  about  Die  same  ultimate 


tensile  sU.ngth,  elongation.  and  modulus  as  a 
ruixbery  polymer  with  link  or  no  plasticizer  This 
situaton  is  taken  advaa.xgc  of  in  the  polyivjnyl 
chloride)  propellants  such  as  Areue  used  in 
the  Aiuxi  sounding  rocket  motor  At  a  com  para¬ 
ble  density  to  that  of  the  polyurethane  propellants, 
a  potyfvinyl  chloride)  pr  jpcllant  permits  about  the 
same  weight  fracu or  of  oxidizer  and  develops 
about  the  same  specific  impulse  At  a  kwe:  plasti¬ 
cizer  level  a  stifle*  binder  and  thtreforr.  a  more 
rigid  propellant  results,  with  properties  of  com¬ 
pressive  strength  and  high  modulus  required  for 
a  cartridge-loaded  grain.  Cross  -linking  may  be  ac¬ 
complished  by  formulation  with  agents  that  react 
dunng  the  cure. 

A  novc'1  feature  of  D  t  poly  (vinyl  chloride)  pro¬ 
pellants  is  .heir  method  of  manufacture.  The  poly¬ 
mer,  already  completely  polymerized,  is  suspended 
in  the  plasticizer  together  with  the  oxidant  and 
additives  during  tie  mixing  opeiation  At  ambsent 
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(empcranue,  or  perhaps  a;  s  chilled  Ur.', 

pcrarurt,  die  polyr~er  does  rot  imbibe  the  plasti¬ 
cizer,  »o  tbit  good  pot  Lf  •  U  attainable  The  still 
feuxj.  mix,  called  plasusol,  is  transferred  m  the  case 
or  mold  and  the  grain  is  cured  and  finished  The 
curing  operation  is  mechanically  the  same  as  tor 
the  synthetic  rubbers,  shown  in  Figure  6?..  but  it  i; 
chemically  quite  different.  These  propellant-,  may 
also  be  extruded  A  small  extruder  is  shown  in 
Figure  67,  illustrating  tbc  essentials  of  this  process 
Tbs  extruder  is  operated  «i  a  temperature  above. 
350'F,  and  curing  takes  place  during  toe  extru¬ 
sion  Orems  cor  yuning  vires  strung  parallel  tc 
the  axis  may  also  be  extruded,  as  shown  in  Fig¬ 
ure  6b.  Since  do  polymeriianoo  takes  place  during 
the  cure,  there  is  no  exotherm  and  little,  if  any, 
volume  citange  auc  to  curing  On  tbc  oiber  hand, 
the  high  temperature  of  die  curing  operatsor  en¬ 
tails  appreciable  thermal  shrinkage  when  the  cured 
grain  is  brought  to  ambient  temperature 


iv-ZJZ.  TIwmuwwik.  omatrf.  tw  cMTrflge-tttSded 
graaas.  Although  the  case-boodable  binders  do  not 
in  general  contain  so  much  plasticizer  that  they 
can  be  stinened  by  eliminating  piasirctzer,  there 
are  at  least  three  ways  that  elastomer*  car.  be 
adapted  to  such  use  One  such  way  is  to  bond 
the  grain  to  a  relatively  rigid  mechanical  member 
separable  from  the  ease,  which  may  also  serve  as 
an  inhibitor.  Another  is  to  cross-irnk  the  polymer 
to  a  greater  extent  than  is  required  for  the  readily 
deformable  case  bonds  The  third  method  is  to 
decrease  the  volume  fraction  of  the  binder  to  below 
30  percent  so  thal  interaction  of  the  crystalline 
panicks  carries  part  of  the  imposed  load  and 
helps  rciiji  deformation.  The  first  two  alternates 
■would  still  permit  fabrication  of  the  gram  by  cast¬ 
ing  T tic  third  would  require  orhei  fabrication 
techniques.  In  tbs  case  of  propellant  CPN-127A 
(see  SP1A/W2)  used  in  aircraft  jatos,  the  binder 
employed  is  t  butadicDe-2-nivhyl-5-rinyl-pyTidine 
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copolymer  plas.'jnutrj  with  the  form*!  of  (hclhyleae 
giycol  roooobutyl  ether  (Butyi  Carbitol  fora? *3) 
The  volume  fraction  of  the  birder,  calculated  from 
the  composition  and  Aiaaitki  of  the  crystalline 
ingredients,  it  about  ":6  percent.  The  tnanu Stc- 
mring  procetv  lot  this  propellant  is  outlined  in 
Figure  69.  Mixing  h  done  in  a  sigioa  blade  ruixar. 
The  completed  mi’;  it  blocked  in  a  hydraulic  press, 
shown  in  Figu, .  70,  to  form  a  press  charge  for 
extrusion.  Tbe  extrusion  psess  is  shown  in  Fig¬ 
ure  71.  The  extruded  strand  is  cut  to  grain  blanks 
which  are  then  cured  at  elevated  temperature  to 
complete  the  polymcrwauc-u.  Yhe  cured  grain 
blank,  are  Crushed  by  machining  to  Soai  diiccu- 

11004."  " 

Still  another  fabnestk®  process  ,  used  for  pio- 
pellant  CBS- 1 28  K  (see  SP1A/M2),  developed  for 
the  Dart  and  Sky  Dan  missikt.  This  ptopeliant 
uses  GR-I  rubber  plasticized  with  di-fi-ethylhexyi) 
azcltte,  and  has  t  binder  volume  fraction  even 
lower  than  CPN127A  The  flowsheet  ter  this 
process  is  shown  in  Figure  72.  Compounding  and 
simultaneously  curing  is  druse  ou  a  oil  null.  Dirks 
are  cut  from  the  rolled  sheet,  sucked,  and  v 

w  t-\ jA *4  *i>  *Kaii>w  ■«  TT  *a  « «**a 
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blanks.  The  grain  blanks  arc  machined,  as  shown 
in  Figure  74,  »nd  then  inhibited. 


5M.  Yfjfcawipllatftr  «yi  ifWnCU  prijmr  HMtn 
far  tsmtridgx  Indri  grain*.  The  use  of  thtrmo- 
pfaxtic  polymers  poly  ate  Tied  in  situ  predates  the 
we  of  tbe  elastomeric  polymers.  Tbe  binder  sys¬ 
tems  are  selected  to  give  compress he  strength  and 
high  modulus,  thereby  permitting  aifiiatneut  of  the 
r  -jiurtd  physical  properties  in  a  grain  pruk'ccd 
by  tbe  slurry  casting  process  of  Figure  62.  The 
prepolymen  or  monomers  arc  naked  with  the  oxi¬ 
dizers  and  other  additive*  in  a  sigma  blade  o» 
equivalent  ntiatr  and  cast  into  molds.  Po’.yrwnxa- 
boc  •*  cotnptvied  at  elevated  temperatures  in  the 


curiJig  operation  in  the  molds.  The  molds  an  the  t 
disassembled  and  the  grams  finished  by  marihs .- 
iqg  and/or  inhibiting  Figures  75  and  76  show 
coscpfeied  grains  and  tsu'&'  Igtea. 

5*-5.  Cell uteae  aeefota.  Cellulose  acetate  is 
srxde  from  a  natural  polymer  and  is  ikk  available 
in  a  monomeric  or  prepolymer  state.  It  has  a  fairly 
high  temperature  which  can  be  lowered 

by  compounding  with  a  pixsucizer,  allowing  tbe 
pnptUant  to  be  nikc-i  arid  for  mid  at  a  moderately 
elevated  temperature.  In  propellant  LFT-3  (see 
SP1A/M2),  used  in  the  GAR  3  Falcon  AFU, 
the  cellulose  acetate  ii  plastidztd  with  acetyl  tri- 
ethyl  citrate  and  chnittophenoxy ethanol,  and  sta¬ 
bilized  wih  to'ueacdiatcine  T  he  oxidizer  loading 
is  fairly  low  in  order  to  maintain  a  desired  k>w 
flame  temperaturt.  Mixing  is  done  in  a  sigma 
blade  mixer,  and  the  grain  t-  formed  by  compres¬ 
sion  molding  Larger  grains  may  be  made  by  bond¬ 
ing  n-gmenu  together  using  a  polyurethane  layer 
between  the  segments  as  well  «  for  the  periph¬ 
eral  inhibitor.  A  50-pound  individual  segment  as 
n  ov'Jed  is  shown  hi  Figure  77  and  a  lOOG-pound 
segmented  grain  in  Figure  78. 

54-4.  Other  Mata:  syaMwx.  The  above  listing 
is  by  no  meant  a  complete  rower  of  binder  sys¬ 
tems  that  can  be  used  or  even  of  system*  that  have 
been  experimented  wi±.  A  considerable  effort 
has  been  expended  era  binders  containing  acetylenic 
and  other  endothermic  groups  which  might,  add  to 
tL.  heat  of  explosion,  Q,  of  the  propeliaat  at  a 
given  oxidizer  loading  That  is  sdB  room  tie 
binders  with  bnprorod  physical  properties  such  as 
oocTtkarms  c<  expansion  closer  to  the  cxpaaiior 
cosflkkmx  of  the  naleni'U  used  for  rocket  mote 
case  manufacture,  lower  brittle  temperatures,  and 
less  temperature  dependence  of  naodwtai,  com¬ 
pressive  and  tensile  strength,  and  elougator-  *t 
rupture.  It  h  expect*.  that  new  binder  -yssssix 
wih  continue  to  appetr. 


102 


CUT  6 

stack;  Discs 


Finish 


9 

ON 

a 

r 


- UtiT  [fliniiiiimKi 


figun  77.  tmietKAtal  Sogmtni  { SO  founds)  of  1000- found  Sogmmrtid  Grom 


) 


109 


1.  t  D.  Sdaaiu  end  A.  O  Dakkar,  Tnrww»-8mi 
Theory  erf  the  Lai’  Rat?  of  DeceMBpoaRiPB  of 
Asm&um mat  ~ n vciu «M, ~  Stur  Symposium  (inter- 
iwkmoll  on  Comtaaior.  p  6  It.  Rciahoid  ^w-fnifi‘X 
Cwyoratic*,  New  Yori.  New  York.  If  SI. 

2.  M  Summcxfeld.  E  S  Sutbaiaed.  M  J.  «..  I 

T abaci  and  K.  F.  HaE,  JCa-niAi  MtikMim  o/  A  *> 

maaiua  PropeUmtit,  ptjK  prceetted  *4 

Americas  Rachel  Society  13th  Annul  17-21 

No  vesper  IMt,  New  Yoet  New  York. 

3.  It  F.  Canute  end  W  H  Aidenoa.  Yfcr  Jtob  of 
tinier  in  Compotbg  PropeHem  Combnttion,  hero- 
ja-Qmm 1  Corpora^*,  Report  TN-30.  AF0>5X 
TN  J9  340  July  »»,.  Cowtraa  AF49(6MJ-566 
(SFIA  Ahetract  No.  19,56  < ) 

4.  N.  A.  Leurr,  hyttroekkric  Acid  and  Sodom  Sulfate, 
P  it,  CVmkxl  Catalog  Co*paey,  lno..  New  Ycrt, 
New  Yert.  1927. 


3.  W.  A.  FroeU,  Development  oj  Ammonium  I l  terete 
Meet  Solid  PropeAant,  Stemtirri  Oil  Cotojcrv  (ladt- 
*•4!  Smoothly  Report  No  J.  No  vena  hd  IN],  Can 
tract  USAF  3  K03*)2?541,  CONFIDENTIAL  (SFIA 
AhtnaNo  12,46#) 

4  J.  Loth  ead  R_  VY  Todo  (to  SraeAanl  Oil  Ccapeey 
IfwhMjX  U.  a  Faicat  L936-225  (I960). 

7-  FURqw  Fcbokmn  CMfu>,  Development  of  Com- 
fexdie  Propellant  ’mo  V  nit  i,  Final  Stpon  cr.  Suppte- 
•wttl  AjratejcaJ  No  I  CRepwi  722-3-54RFJ,  I  July 
l»K  Coriina  AF  33(60076710  (SFIa  Abetract  No. 
U.23#). 


t 


9 


Faeatsany  AnwnaL  Rauu  Xtuearch  on  Piajtic  Rocket 
rropillanfi.  UR  Jew-Dee,  1946.  lu-fe,  1947, 
Ju-Dc^  194*.  Jan  -May,  1949,  CONFOE.Vr.AL 
OTIA  Abatract  No.  10,073]. 


J  L.  Joan,  Protress  in  the  Develop/,  ten  of  An 
Ammonium  h’limu  Smokeless  Solid  Propellant.  Jet 
Piopulaura  Laboratory,  hutituir  of  Tech 

■ology,  BuUctia  erf  the  Fourth  Mectaj  erf  the 
Array-Navy  Solid  Fropefiaat  Group,  p.  207,  CON- 
FIDENTIAl,  Solid  Frnfelhat  taJonuiciita  Ajtney, 
Awrfmi  Njua  Laboratory.  The  John*  u«|*i- 


*e rwt>,  RiNat  Spring.  Maryiud  CSe’M  Aeatraei  No, 
37  IF). 

10.  N.  J.  loenaa  Development  of  on  Ammonium  hi- 
trait  tote  Solid  Propellent,  Standard  Oil  Cotapesy 
(ladsaasj,  Owner!}  Report  No  Jf9  (Aog  -Oc.  19W) 
13  Jawusry  1937,  Ccwsrac;  33(031127541,  OONH 
DENTTAL  <WIA  Abatratt  No.  17.1321 

11.  Standard  OS  Codf-toy  Qatbiwi,),  private  ccaauwai- 
neting 

12.  K.  V.  Rscbcy  (Ihaotae  Ccaatni  CorjantaoaL  pri¬ 
vate  ooovpuniralinfi 

13.  A.  M  Jacob*  and  !.  H.  Goehr*.  turning  Rote  Modi 

Jicarioa  of  DouPleSaie  Prapetlaeu,  Altegaay  idle 
tic*  Laboratory,  Hertalca  Powder  Cotupaay,  Bofieaia 
trf  the  PrfVwcir,  H<ebt|  erf  the  Joint  Array-Navy -.Air 
Fcwce  Solid  Fropcliiai  Group.  Vol  IV,  p  41,  CON 
FIDENTLAL,  Solid  Pnpefiui  Sakonoatioe  Afcacy. 
Appucd  Fhyaka  Labor* *xy.  The  Johaa  o«i- 

aenity.  Silver  Spris*.  Marytand. 

14  C.  E  Bartley,  v<  Preliminary  InveeHtotton  of  the  KmS- 
ter-tkue  Solid  Propellent  OHDCfT  21.  Jet  Ftopul- 
«m»  Laboratory,  Califenia  lnatitute  trf  lcchaokwy , 
CST/JFL  FB  4-1 1,  26  Au#on  1943,  CONFIDEN¬ 
TIAL  (STU  Ahatract  No  2»0>. 

15.  W.  C  Ayocich,  Design  end  Inetmn!  BmUutlc  Dutm  tor 
PolrmlfUe-Pen  kiot  me  PropeBonts,  Thiokol  Okcsm- 
<»3  Corporation,  Repeat  No.  24-51,  October  1451, 
CONFIDENTIAL  (SFIA  Abatiwet  No.  1  ;,2*7> 

16.  A.  T.  Gurrx,,  Development  of  Standard  Operating 
Procedure!  for  Manniectare  of  Polyndedt  Perchlo¬ 
rate  Propellant t,  Thietkoi  CteemcaJ  Corponoon.  Re 
port  No.  26-31,  November  1931,  CONFIDENTIAL 
(SPLA  Abetract  No  11.361). 

17.  C.  f  Doufberty,  Troceaan*  Rtrbbea-Ravt  Caapoa- 
iu  Rocket  FrppcDajtf,"  Chew,  tni  Prop.  SX  429 

(1957). 

11.  K  S.  Dobyu  and  J  A  McBride,  Production  Prob¬ 
lem  on  Solid  Propellant  Rocket  Motors,  paper 
prsaeabad  at  Americas  Rocket  Society  Seraiaamal 
Moat**.  10-13  June  1937,  Sea  Freecarco,  Otiriorau. 


CHATOM  1« 


fSXJKI  SiMUiANTS  POft  PftOP&lAHTS 


59.  GeacraL  PnopcIUau  are  hazardous  mate¬ 
rials,  accessary  for  fuDctaouu,/  La  thsir  eogjnes  bus 
undesirable  few  many  uses  such  as  display  and 
break-in  of  manufacturing  equipment  when  tvaar.- 
tKMiiaf  is  not  contemplated  Tc  meet  the  require¬ 
ment  for  materials  for  such  nonfuncnotiiof  uses, 
inert  simulants  or  dummy  formulations  hast  been 
developed  to  represent  propellants  The  ideal  inert 
simulant  for  an)  propellant  should  duplicate  the 
propellant  in  all  physical  properties — appearance, 
density,  texture,  hardness,  pfaysscai  strength,  and 
platsridty  over  a  temperature  range. — without  being 
a  propellant.  Coritetkrabk  ajraproesiiae  with  the 
ideal  is  pertniwibk  and  usual  to  save  time  and 
ttevcfopoaetii  expense,  depending  ctn  the  use  to 
which  the  dummy  m  to  be  pm. 

*ff.  Mocfc>«p*.  Where  jpoewetry  is  the  only  con 
sidcraskin,  as  for  allasaratkm  of  the  spstLal  rela 
Poo  ship  of  the  psoptfiant  to  other  parts  of  the 
capita,  or  for  assurance  thru  the  engine  ccwoptcU. 
with  propelUm  can  be  assembled,  the  dummy  may 
be  built  of  wood  and  painted  the  proper  color. 
Coal  is  ao  admirable  mock-up  for  Mack  powder. 


<1.  Shnlsafe  to  rryrvtoc*  physical  properties. 

In  order  to  demonstrate  the  physical  properties  of 
a  propellant  by  the  use  of  an  inert  simulant,  one 
needs  something  more  closely  akin  to  the  propel¬ 
lant  than  a  wood  mock-up.  Most  modem  pro¬ 
pellants  are  r1**1^  and  a  p***fv~  dummy  will 
took,  feet,  and  haurik  mere  tike  tu  bve  counter¬ 
part.  Must  of  the  physical  properties  of  propellants 
are  traceable  to  the  polymer  content.  In  the  cue 
of  fuel  binder  composite  propellants  the  same 
volume  percent  of  the  same  binder  together  with 
a  suitable  hlkr  should  result  in  a  reasonable  dupfc- 
cahon  of  the  physical  properties.  The  filler  should, 
if  poNihk,  have  the  same  specific  gravity  and 
crystal  structure  as  the  eutidani  used  its  the  ihv 
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•nod  replacement  for  immtiua  perchlorate  II 
the  specific  gravity  of  the  filkr  cannot  be  precisely 
matched  and  density  at  the  dummy  u  important, 
we  in  locating  the  center  of  gravity  of  the  e  pat, 
the  volume  percent  of  bender  can  urually  bt  cnec- 
prootised  safely.  Alternatively ,  two  inert  simu¬ 
lants  tor  a  propeliant  may  be  dtvtkpod,  cor.  to 


dupbctls  deadly  and  another  to  duplicate  other 
physical  properties  required. 

The  problem  ii  cotuiderably  nsort  difficult  when 
the  polymer  is  itself  a  propedant  as  is  mtrocedu- 
Sose  In  this  case  an  inert  polymer  should  be  ioead, 
with  density  and  other  physical  properties  dupli¬ 
cating  the  prope'dant  polymer.  This  has,  in  general, 
not  been  door.  Cellulose  acetate  is  a  popular  simu¬ 
lant  fos  nitrocellulose,  but  it  i‘  not  very  good  The 
difference  is  appreciable  in  density,  appearance, 
and  feel,  even  with  the  best  available  plastnaters. 
In  order  to  reproduce  density  it  appears  necessary 
to  use  crystalline  (illers  which  worsen  the  match 
between  dummy  and  live  propellant  in  other 
properties. 

An  inert  aimulant  tor  OlO  cast  double-base 
propellant  (see  SPLVM2)  was  formulated  as 
follows. 
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6X  Shnluti  to  reprodwer  mawatacbextag 
jwa^pw'daa,  In  the  development  cd  new  maculae- 
taring  equipment,  for  checking  oat  exL-uders  and 

vatCT  Typ-fri  Di  ptOCviiu^  maaiuicrj  wi c*  TTiiirv 

teaance  or  prolonged  inactivity,  and  to  displace 
live  propellant  preparatory  to  duuaembiy  of  proc¬ 
essing  equipment,  it  is  necessary  to  have  •  dunney 
formulation  that  behaves  like  ’eve  propellant  in 
process  In  general  this  requires  matching  mechan¬ 
ical  properties  not  only  dry  had  at  ambient  tem¬ 
perature  but  also  ever  a  temperature  range  and 
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perhapt  wdmbwd  with  volatile  solvents  Smce  it  is 
the  polymer  which  largely  de  tenmoes  manufac¬ 
turing  properties  as  well  au  product  physic*;  peop- 
CriXi,  MiMiUtUuOii  Ct  fclkr  Li  g^OCTtuly  iad&jtf&ic 
in  fuel  binder  composite!  It  must  be  verified  tluu 
the  replacement  filler  will  not  aflec:  the  reaction 
fate  of  any  chronical  changes  involved  in  the 
manufacture. 

There  are  do  good  manufactures  dummies  lot 
tuUoteHukwe-base  piopcllanri  War,'  with  or 
writbou!  saw  dun,  or  similar  carbonaceous  material 
and  cellulose  acetate  com  pan boos,  respectively 
have  been  used  successfully  for  clear  out  iu>c!  to 
put  loads  on  machinery,  but  they  do  sot  duplicate 
the  operating  mechanical  loads,  cor  do  they  dupli 
cate  the  dimensional  changes  .n  the  product  duns* 
manufacture. 

413.  Inuffr  1  In  order  to  overcome  the  dis¬ 
advantages  of  a  comfit  tely  inert  dummy  in 
studying  manufacturing  problems  cf  nitrocellulose 
system  propellants,  semihve  simulanu  have  been 
developed,  in  which  the  nitroietnikwe  is  retained 
as  the  polymc.'  but  all  plasticizers  used  are  fuel 
pi  ashore;  s  1  iiu  results  in  compositions  of  low  or 
negative  calorific  value.  If  ignited  these  simulants 
will  burn  slowly  and  incompletely,  allowing  opei- 
aucg  personnel  to  tscape  safely  but  emphatically 
demonstrating  any  mechanical  situations  that 
could  cause  destructive  damage  wpfc  live  propel¬ 
lant.  In  formulating  a  se utilise  propella.it,  the  con- 
centranor.  of  nitrocellulose  should  be  about  tne 
same  as  in  the  live  counterpart  and  the  viscosity 
of  the  fuel  plastseuxr  should  be  as  close  as  pos¬ 
sible  uj  LT»r  visconiiy  ex  trie  combined  plfSQClteii 


in  the  live  propeliant  Wi-h  these  Lit-al  criteria 
the  composition  of  the  setnjlivt  propellant  can  he 
readil;  developed  empirically. 

*  ut  composition  and  phyipca!  pr <-.pi rue  *  of  K  j 
and  its  semilivc  an  flog  are  sliown  below. 


Nnroceilulon,  U.tft  N 

h  5 

fO.K 

Siauiit. 

54.19 

Narogiycaho 

3451 

— 

Ds-abuty;  phthjuale 

- 

JO  57 

Di  (2-tthyt  beryl  >  flu^aiaie 

-- 

1050 

Dteehyi  phthaUt? 

10.50 

— 

2-KusoeUpbai)  eur  at 

2.00 

2  11 

Lead  ulU 

2.40 

2  10 

Gsxrtehll*  war 

OJO 

oat 

Specif*  pavsy.y 

\  a 

in 

h'uroceiiuJMc  coacenu  niroa.  (  a. 

0.71 

0.71 

Terniie  urearC  cro*t*»e,  p*. 

320 

210 

Teault « owifth,  kogthwac,  pc. 

4Jk 

3JC.  t 

E&sajpuoc,  ptrttai 

47 

73 

The  iowei  tensile  strength  and  greater  elonga¬ 
tion  of  the  scmihve  propellant  are  seen  to  follow 
the  lower  nitrocellulose  coocvdSisuod  as  predicted 
Extrusion  pressure  with  the  semilive  was  also  con¬ 
siderably  lcw.fr  than  with  ive  N-5.  In  spite  ot  the 
fact  that  the  semilive  appears  to  be  somewhat 
deficient  in  nitrocellulose  it  has  bce.i  used  success 
fully  to  break  in  extrusion  equipment  of  exptri- 
tueeual  design 

The  measured  calorific  va'ue,  435  cal.-'g,  ts  well 
above  list  calculated  value,  dcoiomtr-n—*  again 
the  lack  of  equilibrium  in  caioiimciry  o!  cool 
propellants  discussed  in  Chap’*'  2.  The  bunting 
rate,  about  0  0!  inysa  £t  70'F,  1000  psi,  is  low 
enough  to  prevent  dertiuctton  of  extntuon  equip- 
men'.  in  case  oi  art 
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GLOSSARY 


The  ttfK  seiow,  u  «Me  in  tint  Htrui&oai., 
at*  Ofdnsnof  tent*  or  ere  utte  in  t  saa-iel  ii« 
eanee,  Otter  u  xu  ere  11  tefined  i*  kR  Szd-s, 
fcictiooe.'j  of  ijnitec  Aru>  Terat,  ***  «li 

5TTM«*i,  Kaear.cUtvr*  «ru  Definitions  in  tte 
A«w.(tiort  Are«  Worr  -teteter  *  enter  Idpte 
dictsovary,  or  cawsc*-".  u* W 

ABL.  iabt'rj.  Allegany  Ballistics  Liberator). 
Alii' 4.  (ebbr).  Advanced  Research  Projects 
Agency 

bfcnuoij,:  rocket.  Shoulder  fired  rocket,  specifi¬ 
cally  the  2.36-iacn. 

bbnic-j.  Continuous  pha.se  in  which  some  other 
material  u  embedded 

h«r!»ii>4  nae,  Uneau.  The  rate  of  burning  of  a 
propellant  measured  Dermal  to  the  burning 
surface 

caliber.  The  diameter  a>  a  projectile  or  Use  di&m- 
et«i  of  the  bote  of  a  gun  or  launching  tube. 
Asia;  distance  equal  to  the  caliber . 
eiuttw jm.  A  complex?  ss^embly,  comieting  of  s 
tube  and  a  breech  mechanism,  firing  mech¬ 
anism  or  base  cap,  which  i*  a  ccmpooetu  of  a 
gun.  howitzer,  or  mala;  May  include  rovKSue 
appendages  The  term  it  generally  limited  to 
eahbers  greater  than  1  inch 
catapult.  An  engine  which  accelerate*  a  load  by 
means  of  a  pisioo  driven  by  high  pressure  gas 
auch  as  may  be  genet  sled  by  the  turning  of  a 
propellant. 

dtensem  k«x  Teiodty.  A  figure  of  merit  of  a 

p  4  JJ 

rocket  propellant.  defined  ss  . 

B 

c\,*itwj*ttt  propeSatK.  A  propellant  system  coco- 
posing  a  drseteu  solid  phase  dupervw  in  a 
continuous  solid  phase 

PO'iaitmt.  Volume  occupied  by  a  gas  when  coitr- 
preuod  to  it*  limit  of  coeapreastoc 


critical  thamtCrr,  Diameter  of  an  explosive  col¬ 
umn  below  which  detonation  win  not  propagate. 
dePagiativ*-"  Burning  process  in  a  solid  system 
comprising  both  oxidant  and  fuel  tn  which 
the  reaction  front  ad-ances  at  teas  than  sortie 
velocity  and  gaseous  products  if  produced  move 
away  from  unset-. ted  material.  A  deflagration 
may.  but  need  not,  be  an  explosion, 
dcgraariltj.  Decrease  of  weight  rate  of  burning 
as  wth  is  consumed 

dvcurrtan  A  material  addtc  to  a  peopcU&ui  coiii- 
poartioo  or  applied  to  the  surface  of  a  grain  to 
decrease  the  flame  temperature  or  rate 
detonation.  An  explosion  characterized  by  prop*  - 
gauoo  of  the  reaction  ft  ant  within  the  reacting 
medium  at  supersonic  velocity  and  motion  of 
the  reaction  products  in  the  same  direction 
a*  the  reaction  front. 

doftbk-h**e  propellant.  A  pt  ope  Li  ant  with  two 
eaplouve  ingredient*,  such  as  wtroceUuksnt  and 
nitroglycerin 

eroeite  buraktg.  Burning  at  a  rate  higher  ih&r 
norm  til)  associated  with  eauiiing  pressure,  due 
U>  vjloch •  of  combustion  prodtarts  over  the 
bumnj  surface 

expansion  ratio-  The  ratio  of  the  oozzk  e-tit  *ec- 
Uoo  area  to  She  nozzle  throat  area. 
exyUoioe.  A  very  rapid  chemical  reaction  or 
chiutgit  oi  state  involving  generally  production 
of  a  large  volume  of  gas  and  rest i  King  in  rap¬ 
ture  of  the  container  if  present  and  generation 
of  a  shock  wave  in  the  lunonnding  medium 
iikr.*  Discrete  matenai  dispersed  in  subsiantial 
quantity  in  the  continuous  or  biodu  phase  of  a 
coo  .poetic  propeifam. 

tow,  equilibria*!.  Condition  of  continuous  chem¬ 
ical  equilibrium  during  expansion  m  the  nozzle 
fi am,  t loam.  Condiuou  of  no  chemical  reaction 
during  expansion  in  the  nozzle 

•Dsffei*  u^rjiAcaait)  Uom  dtSHuuon  C'ui  ia  ULL 
SriTM.44. 


glossary  ^continu®—} 


tev».  A  figure  r*f  merit  o'  s  gun  ©ropeHc,,',. 

defined  is  ~ ~ 

(toe.  An  igniting  or  explosive  device  in  the  form 
of  v  cord,  consisting  of  a  flexible  fabric  tube 
and  a  core  of  km  or  high  explosive  Used  in 
bUutog  and  demciiuoo  work,  and  in  certain 
ammunition 

t*ra,  A  device  wuh  explosive  componenu  de¬ 
signed  to  initial*  *  train  of  fire  or  detonation 
in  an  I'iai  of  ammunition  by  art  sexton  such  as 
hydrostatic  pressure.  ekclricai  m erg;,,  chetr, 
ice)  action,  impact,  mechanic*!  tune,  v  a 
coKilHT,a<KH»  of  these  Types  of  fures  axe  dis¬ 
tinguished  by  modifying  terms  fonning  past  of 
the  item  name.  (In  some  cases  the  explosive 
components  may  he  simulated  o>  omitted  ) 
pa  generator .  A  aestvs  for  producing  gas.  by 
burning  of  solid  propellant  to  pressurize  a  tank, 
dr  »e  an  engine,  or  actuate  a  mechanism, 
r.  acn  A  single  piece  of  solid  ptopeiianl.  regard¬ 
less  of  size  <x  shapt  used  in  a  gun  cvr  rocket 
1t««;  Wet  with  solvent  during  the  manufac¬ 
turing  process. 

grist-  Particle  size  distribution.  especially  that 
produced  by  £' Tiding 

jrb  A  piece  of  ordnance  consisting  etssennallv 
of  a  tube  or  banes1  fot  throwing  projectiles  by 
force,  usuaHy  the  force  of  an  explosive  but 
sometimes  mat  of  compressed  ea>  spring  etr 
hear.  et  expiosroe.  Heat  evolved  in  burning  (ex¬ 
ploding?  a  samp-ie  in  a  com1  usoon  bomb  in  an 
inert  atmosphere  under  standardized  conditions 
of  pressure  and  temperature 
Ijuhiu.  A  specially  arranged  charge  of  a  ready 
burning  com  positron,  usually  black  powder, 
used  to  assist  in  the  initiation  of  a  propelling 
charge. 

tapuics.  Product  at  thrust  x  time 

Uklh  :<  A  »  :  _  > _ t;  _  .1  *  - v  ,  » 

pii..WWt  .  i-s  mavviiAi  o|.*).'UCAJ  Ik’  »UJ  j  L»I  |Tfk>- 

pedant  grains  to  prevent  burning  on  the  coated 
surf&cefs). 

JANAF.  (abbr).  Joint  Ann) -Navy-Air  Force 
Jafo.  /et-nssist  rake  off,  a  rocket  motor  used  to 
supplement  the  engines  of  an  aircraft  or  missile 
at  takeoff 

M  4  V.  ( abbr }  Moisture  and  volatile* 
mass  ratio.  Ratio  of  the  weight  of  the  propellant 
to  the  weigh?  of  lire  loaded  rocket 


Bvrt.»  proprUunt?.  Fr-jpeHurs  which  show  rveg; 
five  value?  of  n  over  shon  pressure  ranges  cm 
a  plot  of  log  >  verse  log  P  for  r  =  f.-P' 
ti onoprope Ibrnt  1  A  single  physical  phase  com¬ 

prising  both  nidi  zing  n:-6  Tut!  elemenu 
mortal.  A  compsex*  projectile-firing  weapon, 
rifled  or  srrux «th  bore,  characterized  by  shorter 
barrel,  lower  velocity,  shorter  rang,!,  and  higher 
angle  of  fire  than  a  howitzer  or*  gun 
pi xs tool  A  flow  able  susptnsKxt  of  a  poly  mer  in 
a  plasticizer  which  site  p'iyav;i  may  later  imbibe 
to  produce  pelatton- 

pLatcaa  propellant.  Piojxiiaot  showing  a  region 
‘  niarkfdly  reduced  slope  on  a  plot  of  log  r 
viNts  tog  F  for  r  bP". 

port  area.  The  area  of  any  opening  through  winch 
gas  moves  Specific* 'ly  the  area  of  a  discharge 
end  of  a  gtam  perforation 
pot  life.  Length  ot  tunc  a  temporarily  fluid  sys¬ 
tem  can  be  heto  or  sorted  tie  tote  setting  up  to 

3  k/ 

primer.  An  assembly  which  tgmiev  a  propelling 
charge.  especislK  in  gun  ammunition 
progfcssivity.  Increase  ot  weight  rate  of  burning 
as  web  is  consumed 

rworuuKt  rod.  A  rod  inserted  into  the  pcrfoi  a- 
uon  of  a  rocker  grcin  to  depress  the  tendency 
toward  unstable  bunting 

rCckCt  w-lvt,  A  iSviidii  hitaiiiuiK  ( av  1 1  in  >  pi  v> 
pulsion  devi.e  that  cor.  si  sis  essentially  of  a 
thrust  chamber  znd  exhaust  nozzle,  and  that 
carries  its  own  solid  owiduei-fuei  combination 
fiotr,  which  hot  gases  are  generated  by  corr>- 
bu  siion  and  expanded  through  a  nozzle 
tbtli  Sit.  The  storage  time  dunng  which  an  kirn 
remains  serviceable. 

ehagle-hasr  p<opeUaat.  (“rupeliant  comput  ing  only 
one  explosive  ingredient,  e.g.,  nitrocellulose 
»li*»ri.  Portions  of  the  grain  remaining  at  burn- 
th  rougi 

email  c.j,  A  gun  of  small  caliber  V.’ivhin  the 
Ordnance  Corps  the  term  is  presently  applied  to 
guns  of  caliber  up  to  and  including  ?  toch  Such 
hand  and  shoulder  weapons  as  pistol*,  carbines, 
rifles,  and  thotgu  ru 

*  Differs  sifribcaDtl)  from  definriioc  r  m  »  hill 
STD  A4S 


I 

t 


II? 


Glossary  (Continue!) 


wookeless  powder,1  Solid  monopropeiianr.  corr,- 
pming  nitrocellulose,  mus  or  without  OJoduarg 
And  or  fut:  ptistictierv 

SFIA.  <abbr,  Solid  Propellant  Information 
Agency 

SFIA,  Si 2.  F'opeltan!  M<mual  SI  lA/Mt.  twit ed 
by  Solid  Propellant  information  Agency 
apeoifcv  impulse.  A  figure  of  merit  of  a  rocket 

propellant,  defined  as  - 

H 

•Differ*  Kf-.Jktaot])  fror.i  dthmi  «o,i  fee  in  Mii 
ST  b-Ml 


Oter»ios.»e®istn.  The  denvatior,  of  the  compo¬ 
sition,  temperature,  and  derived  pwametef!  of 
the  tcwnbii.i'itOi,  products  from  tli  composition 
of  the  propellant,  the  heats  of  formatioti  of  the 
mgrsditnts  and  the  thermod)  mjsuc  properties 
of  the  products 

tripk-bju*  prop  llaat  Propellant  wuh  three  :i 
plosive  mgredreots.  such  as  rutrotellulost,  tuuo 
gtycenr.  and  mtioguanidiae 

adi,  Thickness  of  propellant  w*?’  coostuned  by 
burning 
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INDf* 


A 

AN.  a jfu*uen  Set  Sobie-Abti  equaion 

ABL  ihati  cakuisuoo  for  speeitic  impure.  50 

Aocfktauao.  20,  56 

Ac*  :otK  46 

Ain./aft  iiinsj.  4i 

Alumiav" .  !? 

AruncaiLwr.  Oitrete,  44.  5&,  S9_  93 
Ammonium  prvhloraie.  14.  44,  89,  90 
Arc  moatum  pirate,  94,  95 

Annealing  80 
Ajpcuk  89,  95 
Autoigmcton  1^,  53 


I 

Ba~  l«n*ar<-  p r ow«  fRD\;,  43 
Bail  Povnkf  74 
8  At  mm  nitrate,  50 
Barrel  fife  Se-  Erosrott 
Bazooka,  56 
Beaker,  88 
Smtler,  16,  5fc,  *9 
foci.  89-111 


okjoo:  'topeUa.at,  38 


tojuuk  ftactwo,  59,  8S.  94,  98.  101 
rikck  ponder,  33-41,  89 
Blasting  powder,  A,  33 
niasong  powder.  B,  33 
Blending  46,  65,  72,  gg 
Block  breaker,  6S 

~  .  e.  > .  . 


102.  112 


‘»i*UUAXIJ!V*K>*?<.>,  (5  2 

Bottle  »rjper*iuie,  31 
Burning 

are*,  01  lurfoiee,  5,  13,  J6i  ,7 
diJUu«cc,  1? 
of  propellants,  12-17 

fr*ar.  r,  3,  12,  J 3,  15,  36,  56,  90,  94,  93 

nUt  weight  or  owu,  R  .  13  19  2q 

unstable,  17 


Burjriu*  rAa pw , 


ail 


C 

CAlaibe  v»j«e,  Q_  6f  10,  45,  50,  53,  67 
Colorimeter,  Bow,  10 
cool,  10 


Calorimetry.  5  j 
Cannon  propellant,  27.  54,  ->4 
Coicxjo  black,  SO 
Carpet  tolling.  80 

Ca?e  ixwxling.  28,  <5.  52,  gg,  gg  94 
Curing,  88.  89 

C*u  doobie-bs.se  process,  74,  84 
Casuog  pctvder,  74.  85 

Casting  solvent  85 

Catalyst,  polym.-niadoj],  95.  9S 
Catalyst,  burning  rate.  15,  95 
Catapult  propellant.  20 
Cellulose  acetate,  46.  52,  95.  102,  112 
Cefle’-o*:  nitrate.  See  Nitroc«llufe»e 
Ur  a  trail  k 
ttbyi,  48.  45,  58 
m-Hhvi,  49 

Centnhiga;  vrtagf.  62.  65 
CKai  acts  tut;  -  vr.Jociry 
caJcoia«.i  c*.  4.  7,  50 
measured,  r*.  1 1 
Charcoal  33 
Chromium,  93 
Cot  ring  19,  72.  75 
Cobalt,  9J 
CoW  fltv*.  52,  89 

•-eiioid.  pioo  t-tive,  75 

Composite 

foel  bssckf,  27,  59,  £9-111 
i&otsof,; opv uaii i  binder,  38 -61 
propeOaoS,  13,  16  17,  27 
CoTOf^boo  dusi,  36 
CoaipfiMioo  molding  44,  94,  102 
Coapreiaivv  strength,  31,  94-93,  102 
Coofiguraaoa,  J7 
Cease  a  anon  espiauoes,  6 
Coetnrv  tail],  33 
Conoaoa,  37,  93 
Omjtinw.,  m,  3 
Creep,  31 

Cnucal  diameter,  17 
OoM-hnimg,  52,  95,  99,  J01 
Cutrng,  88,  89.  96,  99,  103 
Cutting  machine,  73 


INDIA  (C<?ntinu*d; 


D 

Defiagranon,  1 7 
Deformation,  31,  52 
Degrewiritv,  18,  19 
IXnii  ition,  t>6 

Detmi*,  p.  13,  22,  52,  90,  93,  99 
bulk,  72 
gravrmetnc,  27 

de  Saint  Robert  equation  (burning  rue).  13 

Dtakcaat,  21 

Detonation,  !  7,  27,  40 

DtAttvn,  66 

Die,  66,  72.  80 

Dtethyiea*  glycol  dim  true,  49,  59 
Dt&usma.  16,  23,  61,  92 
Diittxyaaats.  9£ 

DiaiUO«oh«sie,  50 

Dtpheovitnuiie,  48,  49,  74 

Doobk-bui*  pcopeiUnt,  45,  46,  53,  8\  68 

Do»el  rod  Baacitine,  80 

Dunxnot  5 e<  laui  tunuUni 

Du  Poo:  reechaiucaJ  dapputf  pevtceia.  62 

£aj",  72 

K 

tkxagauoo  (teuaiiej.  28.  95,  99 
Emnlaion,  75 
Eadotbeniac  grovpt,  102 
Enthalpy,  6 

tEsticpe,  2i,  2  7.  5*4,  y? 

Equation  of  itase,  3 
Erwtwc,  45 

Erosive  burning.  IS,  23 
Erotivrty  coottam,  15 
Ether-akdbol  (loivint;,  46,  66 
Ethyl  tee 'Ait,  74 

Ethyl  (xauaiue  See  Ceoualne,  ethyl 
Eap&auon  ratio,  11,23 
Explosive,  high,  40 
Ejtpkw^t,  prinmiy,  42 
Eitiuder,  101 
Extrut  ioo,  lolveat,  61,  66 
•ofveatkri,  66,  80,  94 

r 

Filler,  16,  112 
Firedamp,  40 
Fi£i  }M*K.  12 


Flame  temperature  a?  conitict  presjuie,  7r,  5.  6, 
7.  10,  53 

temperature  at  ootutant  volume,  7„  5.  6,  7.  V. 

20,  45,  50.  53.  58 
roue,  12 

Flash.  37.  50,  54,  56 
Fla* ,  84,  88 
Flo* 

equilibrium,  7 
froze  u  compositon,  7 
UmixuL,  15 
turtoditut,  15 
Flying  cutter,  80 
Foam  zone,  12 
Fcwue 

Set  Specific  force 
relative,  RJ ,  10,  11 
Free  radscai,  4,1 
Fuel,  16 
Fuae,  asitty,  40 
Ftiee.  40 

• 

Gu 

generator  propel  ltd,  24,  50,  54,  56,  58.  80, 
89,  93 

Sauriefvower,  Chp,  4,  5 
1  -  . 

tuiucA,  T~  -  U.  *.  >W 

hi 

Glazing.  72 
Grain,  17 
card,  20 
cruciform,  23 
dual  composition,  IS 
mulupk-peifotated,  19 
rod  and  abeii,  IS,  23 
segmented,  >02 
bofted-uibe,  ie,  23 
star- perforated,  18,  23 
atrip,  20,  80 
Granulation,  17 
Gnu,  58,  91,  94.  96 
Gun.  19 

Guncotton,  46,  66 
Gunpowder,  33 
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Nitriux  (miroceliutose;,  62 
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Perfect  gas  equation,  3 
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Phthalates.  49 
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Thermoplastic.  95,  10? 
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